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ABSTRACT Secondary ion mass spectroscopy (SIMS) was used to measure depth profiles c(x,t 1 at symmetric 
deuterated (DPS)-protonated (HPS) polystyrene interfaces as a function of temperature T and molecular 
weight M .  The self-diffusion coefficient D was obtained from c(x, t )  with a depth resolution of ca. 130 A, using 
the Matano-Boltzmann method. By using molecular weights with M = 108, it was possible to test scaling 
laws for interdiffusion predicted by the de Gennes reptation model at t < 7 (reptation time) and distances 
x < Ro (radius of gyration). The following results were obtained. At times t > 7 ,  D a M-2; at t < T ,  the 
apparent D value was much greater than the equilibrium long time value. This effect is due to Rouse segmental 
motion and not center of mass motion. At t < T ,  the number of monomers crossing the interface N ( t )  and 
the average monomer interpenetration distance X ( t )  were determined from c ( r , t )  as N = t9/' and X ( t )  0: t1l4, 
in agreement with the reptation theory. At t > 7, both N ( t )  and X ( t )  increased with a t l / *  dependence; the 
crossover in scaling laws occurred approximately at 7. The temperature dependence of D was well described 
by the Vogel analysis. Thermodynamic slowing down of the diffusion coefficient due to the deuterium isotope 
effect was considered to be minimal in the distance range explored by the SIMS method, r < 500 A. The 
SIMS results were in agreement with similar studies using neutron reflection. 

Introduction 
Information about the diffusion properties of polymers 

is essential for many technological applications. Examples 
include mechanical property control in welded and melt- 
processed polymers, molding and sintering of pellets, and 
autohesion of elastomers. On a more fundamental level, 
molecular theories of polymer dynamics require experi- 
mental support for verification. The needs and require- 
ments of both areas provide an impetus for the refinement 
of experimental techniques used to measure the dynamics 
of polymer diffusion. The reptation dynamics modeP5 
recognizes that entanglements have an effect on polymer 
diffusion and viscoelastic properties. In this model, the 
polymer chain is constrained by its neighbors to motion 
along a tube defined by its contour. The important 
distance scale of motion in the reptation regime is quite 
small, on the order of the random-coil radius of gyration, 
R,. Investigation of the reptation model a t  interfaces 
requires an experimental technique with an important 
property: the depth resolution capability to measure small- 
scale diffusion depths (le C Rg). 

Recent techniques for measuring depth profiles include 
forward recoil spectroscopy (FRES),6p7 infrared (IR) 
s p e c t r o s ~ o p y ~ ~ ~  small-angle neutron scattering (SANS),l0J1 
and specular neutron reflection (SNR).12-14 IR and 
attenuated total reflectance (ATR) IR are limited by a 
depth resolution of about 1000-10 OOOA but provide useful 
information at  large interdiffusion depths. FRES, SANS, 
and SNR do not measure depth profiles directly, and 
assumptions must be made about the nature of the profile 
before it can be constructed from the raw data. FRES has 
been used successfully to explore long-range interdiffu- 
sion, particularly using polystyrene interfaces. SNR has 
been developed to examine short-range interdiffusion in 
polymers with a resolution of about 5-10 A. Secondary 
ion mass spectroscopy (SIMS) is another technique for 
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measuring polymer diffusion and has been used by us 
recently to examine interdiffusion in polystyrene inter- 
faces.l5 SIMS has a high sensitivity to hydrogen and 
deuterium, making it useful for tracer studies, and has the 
ability to measure depth profiles directly. In addition, 
this technique can monitor elements to much greater 
depths than some of the above methods. While it provides 
the concentration profile directly, its depth resolution, 
which is about 100 A for polymers, is not as good as the 
SNR technique with a resolution of about 5 A. However, 
useful information can be obtained a t  distances less than 
the random-coil size by using high molecular weight 
polymers, as we demonstrate herein. 

In this paper, we further develop the SIMS method for 
analyzing polymer interfaces and explore the short-range 
dynamics of polystyrene chains. The exploration of the 
short-range dynamics of polymer chains a t  interfaces 
represents a critical test of the reptation model where a 
crossover in the time dependence of several scaling laws 
occurs a t  the reptation time. The temperature dependence 
of the self-diffusion coefficients and the thermodynamics 
of interaction of HPS with DPS are also examined. 

Theoretical Considerations 
Reptation and Minor Chain Models. Polymers in a 

concentrated solution and melt are in a highly entangled 
state. Neighboring chains are obstacles, restricting motion 
of the polymer chain to a tube where curvilinear one- 
dimensional diffusion occurs along its contour, as shown 
in Figure 1. Random motion occurs in both directions 
along the tube. Memory of the initial tube configuration 
is gradually lost because motion of the chain ends is 
random. The chain is always restricted to  movement in 
a tube, but only the central portion remains in the initial 
tube for times less than the reptation time, 7. The part 
that escapes from the initial tube is a random coil called 
the minor chain.17.18 This segment obeys Gaussian sta- 
tistics, and a spherical envelope can be used to represent 
its static dimensions. The evolution of the minor chains 
at a polymer-polymer interface provides a convenient 
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Figure 1. Growth of a minor chain as polymer reptates out of 
ita initial tube. The spherical envelope surrounding the minor 
chain describes the random-coil dimensions and most probable 
location. 

Table I 
Minor Chain Properties 

dynamic relation 
property symbol t e r  t > r  

no. of monomers N t3/4M-l/4 tl12M-l 

av interpenetration x tl14M-114 tl/2M-1 
crossing interfaceb 

depth 
center of mass Xcm tVM-1 tWM-1 

no. of bridged P tWM-312 tow 
av contour length 1 tllzM-112 tow 
general property H' trPM-14 

no. of chains* n tlf4M-514 tl/2M-2 

r ,  s = 1, 2, 3, .... b Assumes uniform chain end distribution. 

method of determining molecular properties and concen- 
tration profiles. 

The minor chains grow with time, and eventually the 
whole chain escapes from its initial configuration at  the 
reptation time, r. Calculations based on the minor chain 
reptation model have been used to develop scaling laws 
(Tab!e I) for polymer interfaces.18721 For example, the 
number of monomers N ( t )  crossing a symmetric amor- 
phous interface as a function of time t and molecular weight 
M is described by 

~ ( t )  a t 3 / 4 ~ 7 / 4  ( t  < 7) (1) 

~ ( t )  a t l / * ~ l  ( t  > 7) (2) 

Equations 1 and 2 can be derived from first principles21 
as well as through the use of s ~ a l i n g . ~ ~ * ~ ~ l ~ 3  A second 
important minor chain property is the average monomer 
interpenetration depth X ( t ) ,  given by 

~ ( t )  0: t 1 / 4 ~ 1 / 4  ( t  < 7) (3) 

~ ( t )  0: t1/2M-1 ( t  > r )  (4) 

At t = r ,  X ( t )  i= R,. Other minor chain scaling laws are 
listed in Table I.17 When N ( t )  and X ( t )  are known, all 
other relations can be derived. 

The number of monomers N ( t )  and the average mono- 
mer interdiffusion distance X ( t )  can be measured exper- 

4 I 
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T Log t 

Figure 2. Qualitative transition prediction at the reptation time, 
r,  for (a) the number of monomers crossing the interface, N, and 
(b) the average interpenetration distance, X. 

imentally from the depth profile c(x,t) by using 

N ( t )  = Jmc(x,t) dx (5 )  

xmxc(x, t )  dx 
X ( t )  = (6) 

Jmc(x,t) dx 

Here N ( t )  is obtained from the area under the profile, and 
X ( t )  is measured from its normalized first moment. Depth 
profiles of bilayer samples healed at  t < 7 and t > 7 can 
be used to evaluate scaling laws for N ( t )  and X ( t )  as shown 
schematically in Figure 2. The simultaneous crossover in 
slopes from 3/4 to l / 2  for N ( t )  and from '/a to l / 2  for X ( t )  
at  the reptation time is highly characteristic of the rep- 
tation theory. 

Measurement of Diffusion. The fundamental equa- 
tion for the study of isothermal diffusion is Fick's second 
law 

ac ax = ax ax (7) 

where the diffusion coefficient D may vary with concen- 
tration or it can be constant. The Matano-Boltzmann 
method25sZ6 is the approach commonly used with a con- 
centration-dependent diffusion coefficient, and the Grube 
method25 is used when D is independent of concentration. 
The latter approach can be used when D is a weak function 
of composition. 

The solution to Fick's second law with D as a constant 
(Grube method) results in a closed-form error-function 
solution. The Matano-Boltzmann method necessitates a 
solution to eq 7 in the form 

- ac = -[ a D(c) E] 
at ax 

The analysis is more complex when D is not constant. 
This solution for the diffusion coefficient is 

1 ax D = - 5 z-: dc 

which requires a numerical or graphical analysis. The 



5928 Whitlow and Wool Macromolecules, Vol. 24, No. 22, I991 

Matano Interface 
Area A - Area B Primary Ion 

0 
\ 

@Secondary Ions , y - o ~ e  u t ra I s 

Electrons 

Distance 

Figure 3. Position of the Matano interface. 

Matano interface (Figure 3) must first be located before 
eq 9 can be employed. The point where the diffusant 
areas A and B are equal identifies the Matano interface 
at x = 0. The maximum in the profile derivative locates 
the Matano interface for the symmetric case. Polymer 
diffusion coefficients can be functions of composition as 
demonstrated by Kramer et  al.,27 which justifies the use 
of the Matano-Boltzmann approach over the Grube 
method. Additional problems can develop with the use 
of deuterated polymers, which results in immiscibility1 
and thermodynamic slowing down (TSD) due to the 
deuterium isotope e f f e ~ t . ~ ~ ? ~ ~  

Temperature Dependence of Diffusion. The tem- 
perature dependence of the diffusion coefficient D can be 
described by two approaches. The first is the Arrhenius 
activation energy process given by 

D = Do exp(-Q/RT) (10) 
where Q is the activation energy and DO is a pressure- 
dependent constant. The second is an empirical approach 
given by the Vogel relation 

(11) 
For polystyrene with a number-average molecular weight 
M = 255 000 (255K), A = -9.49,2s*B B = 710, and T, = 322 
K = 49 "C. The empirical constant A has a molecular 
weight dependence given by 

(12) 
The temperature range for eq 11 with these values is 120- 
219 0C33 while the Arrhenius law is most useful for high 
temperatures (T > 155 "C). 

Thermodynamics of Interaction. Many analytical 
methods used in the study of polymer diffusion rely on 
isotopic labeling.'+16 All of the approaches assume that 
polymers and their chemically identical deuterated an- 
alogues form ideal solutions. Recent results from SANS3lS2 
and FRESaI34 measurements indicate that binary mixtures 
of normal and deuterated polystyrenes are characterized 
by a small, but positive, Flory-Huggins interaction pa- 
rameter, x. 

Phase equilibrium and mutual diffusion will be affected 
by a positive x. The mutual diffusion coefficient should 
undergo a "thermodynamic slowing down" in the proximity 
of the critical composition ccr where 

c,, = NH'I2/ [N H + ND'/2] (13) 

D Q(c)  [ x , ( c )  - XI (14) 

log (DIT) = A - B / ( T -  T,) 

A = -9.49 - 2 log (Ml255K) 

The diffusion coefficient for a blend is given by27 

where 

Figure 4. Schematic of the sputtering process caused by an 
impinging primary ion resulting in secondary ions, neutral atoms, 
and electrons. 

and 

n(c) = 2c[D*$JD(1 - c) + D*HNHc] (16) 
The x term in eq 14 corrects the xs term for noncombi- 
natorial entropy of mixing and (positive) enthalpic con- 
tributions to the thermodynamic driving force. Thermo- 
dynamic slowing down should be more pronounced as x 
approaches xs(c) or, alternatively, as the temperature 
approaches the upper critical solution temperature 
(UCST).33 When x nears zero or a t  temperatures suffi- 
ciently far from the critical point, thermodynamic slowing 
down should not be observed.32 However, the distance 
scale ( x  < 500 A) investigated in the SIMS study may be 
too short to allow the large-scale concentration fluctuations 
to develop and promote the TSD effect. 

Secondary Ion Mass Spectroscopy 
The basis for SIMS is the ejection of charged atoms and 

molecules caused by an impinging ion beam (Figure 4). 
The primary ion beam is rastered over a selected region 
to erode the sample Charged species are 
filtered and then detected by a mass spectrometer tuned 
to an element of interest a t  that depth. The present 
discussion will concentrate on a brief review of the SIMS 
process as it is used for depth profiling. References are 
available with details on SIMS,36-37 other surface char- 
acterization techniques,37*38 and the fundamentals of 
sputtering.40~4~ 

Impingement of energetic ions affects the sample surface 
in two ways. The first effect is a loss of surface material 
known as sputtering. The second effect involves changes 
in the target structure known as atomic mixing. In depth 
profiling, sputtering is desirable whereas atomic mixing 
results in a loss of depth resolution. 

Sputtering. The sputtering process is shown sche- 
matically in Figure 4. The incoming ion dissipates a large 
portion of its energy in the vicinity of the sample surface, 
transferring energy and momentum to a region around 
the point of impact. Target atoms within a certain (escape) 
depth have enough kinetic energy to overcome the surface 
potential and eject from the sample. The escape depth 
is usually quite small, typically only a few monolayers. 
Most sputtered species are neutral, although a small 
number undergo charge exchange with their local envi- 
ronment, producing positive and negative secondary ions 
(secondary current). The primary ion beam current is 
held constant, and the secondary current is measured as 
a function of time. 

Several approaches are available for the quantitative 
analysis of raw profile~.36*'~*4 The secondary ion current 
is usually converted to an absolute concentration by the 
use of standards. The present study employs diffusion 
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couples where the concentration of deuterium varies from 
100% to essentially zero. Since only relative differences 
in concentration are important, there is no need to convert 
the secondary ion current to an absolute concentration. 
There are several methods for calibrating the depth scale. 
The procedure used for this study will be discussed in a 
later section. 

Sputtered particles may be atoms or molecules. The 
number and type increase with decreasing primary ion 
current density. This fact has been used to characterize 
polymer surfaces in the static (low-energy) SIMS mode.4 
Depth profiling requires energies in the dynamic SIMS 
mode (~ 'p  L 10 nA/cm2). Dynamic and static SIMS has 
long been an important tool for the analysis of semicon- 
ductors. However, relatively little work has been done on 
depth profiling of  polymer^.'^^^^^^ 

Atomic Mixing. Two principal contributions to atomic 
mixing are recoil implantation and cascade mixing. For 
a given primary ion energy, the energy transferred from 
the primary ion to the target atom depends on the distance 
of closest approach known as the impact parameter, P. 
For atoms of comparable mass, recoil implantation will 
occur when the impact parameter is small. The collision 
is similar to that between two billiard balls. The primary 
ion will elastically transfer a significant portion of its energy 
and momentum. Consequently, the target atom will recoil 
deep into the sample. Large impact parameter collisions 
produce cascade mixing. Less energy is transferred to the 
target atom because the interaction between the ion and 
target atom now involves a screened Coulombic potential 
in place of the hard-sphere potential active for recoil 
implantation. Instead of recoiling into the sample, the 
target atom displaces its neighboring atoms, producing 
secondary cascades. There is a general homogenization 
of the near-surface atoms affected by the cascade. 

The probability of transferring a given amount of energy 
is usually expressed in terms of the area through which an 
ion trajectory must pass. This area is called the differential 
stopping cross section and is given in terms of the impact 
parameter P as 

da = 27rP dp (17) 
Obviously, the probability for energy transfer increases 
with increasing impact parameter. Consequently, cascade 
mixing will be more probable than recoil implantation 
and will be the dominant contribution to atomic mixing. 

The thickness of the region affected by atomic mixing 
is usually on the order of the primary ion range.36 This 
parameter characterizes the distribution of depths where 
primary ions lose all of their energy. Primary ion 
acceleration voltage and masses of the interacting species 
are factors that influence the primary ion range for a given 
target. Monte Carlo (TRIM ffi) and molecular dynamic42 
programs are available for calculating primary ion ranges 
as well as other parameters of interest in ion beam 
interactions. These programs can be used to evaluate the 
effects of different primary ions and experimental con- 
ditions. 

Distortion of Depth Profile. Atomic mixing has the 
adverse effect of broadening an initially sharp interface 
(Figure 5a) given by the step function c ( z ) .  The measured 
profile is given by the secondary ion current I(z). Broad- 
ening of the measured profile relative to the ideal profile 
is quantified by the depth resolution, Az (Figure 5a). There 
are several definitions of Az, but the most common is the 
depth range where the signal drops from 84% to 16% of 
the maximum secondary ion current.*a' This is an 
arbitrary definition that corresponds to twice the standard 
deviation of the resolution or response function. The 
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Figure 5. Broadening (a) of the measured profile, Z(z), relative 
to the initial step profile, c(z), quantified by the depth resolution, 
u(z). The measured profile is a convolution of the true profile 
with the response function (b). In most cases, the response 
function is the (negative) derivative of Z(z) measured for a sharp 
interface. 

resolution function accounts for all effects that distort a 
measured profile compared to its true profile. Instru- 
mental effects as well as sample-instrument interaction 
are included. The response function is assumed to be 
Gaussian and independent of sputtering depth. When 
the true profile is a step function, the response function 
is found as the derivative of the measured profile.37 

The optimal depth resolution is determined by the 
atomic mixing range and, hence, the primary ion range.% 
Atomic mixing dominated by cascade mixing will depend 
on the primary ion energy, atomic numbers of the 
interacting species, and the angle between the primary 
beam and the sample surface. Low-energy, high atomic 
number ions at  small ion beam to sample surface angles 
can be used to minimize atomic mi~ing.3~p~@J-53 There 
are a number of other effects that can severely degrade 
the optimal depth resolution for a given sample-instru- 
ment system. These artifacts can be divided into instru- 
mental factors and ion matrix Instrumental 
factors depend on the particular SIMS being utilized. Ion 
matrix effects include selective sputtering, initial surface 
roughness, and sample charging. Selective sputtering is 
a problem only for multielemental targets whose compo- 
nents have significantly different sputter yields. Fortu- 
nately, selective sputtering is not an issue in the present 
work; the sputtering rates for hydrogen, deuterium, and 
carbon are slightly different, but the differences are small. 
SEM micrographs of bilayers that were not completely 
sputtered through to the silicon substrate did not exhibit 
cones or other selective sputtering artifacts. Exceptional 
care must be taken to make sure the sample surface is flat, 
especially with procedures employed for making polymer 
diffusion couples. On a rough surface, a uniform sputtering 
rate will produce signals simultaneously from different 
depths, hence, degrading the depth resolution. 

Polymers are insulators, and they charge when bom- 
barded with ions. Secondary electrons lost during sput- 
tering leave a net positive charge on the specimen,* and 
interactions between the secondary ions and the matrix 
are adversely effected. Several approaches have been used 
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Table I11 
Average Bilayer Thickness 

polymer pair HPS layer, A DPS layer, A bilayer, A 
1082K DPS, 929K HPS 4227 1249 5476 
693K DPS, 591K HPS 3530 1195 4725 
203K DPS, 169 HPS 3026 1132 4158 
l l l K  DPS, 93K HPS 3026 1089 3539 

Table IV 
Optical Properties 

material real index n' imaginary index k' 
HPS and DPS 1.591 0 
Au 0.250 3.46 
Si02 1.523 0 
Si 3.85 -0.2 

Table I1 
Material Characterization Data* 

polydispersity degree of monomer 

polym (Mw) (MwIMn) (ND or NH) NDINH 
mol wt index polymzn ratios 

DPS 1082K 
HPS 929K 
DPS 693K 
HPS 591K 
DPS 203K 
HPS 169K 
DPS l l l K  
HPS 93K 

1.07 
1.10 
1.03 
1.06 
1.03 
1.06 
1.05 
1.06 

9031 
8121 1.11 
6007 
5361 1.12 
1726 
1533 1.12 
943 
921 1.02 

Molecular weight measurements by laser light scattering. 

to solve this problem,35 including gold coating, flooding 
the sput tered area with electrons, and the use of conductive 
masks and grids. Another approach is to change the sample 
surface potential dur ing  data acquisition, which can be 
qui te  difficult in practice. 

Experimental Procedure 
Materials. The samples consisted of symmetric bilayers of 

deuterated and hydrogenated polystyrene films. Characteriza- 
tion data are listed in Table 11. The deuterated polystyrenes 
(DPS) were obtained from Polymer Laboratories, and the 
hydrogenated polystyrenes (HPS) were obtained from Pressure 
Chemical Co. Solutions of each were made with reagent-grade 
toluene. Concentrations for the HPS and DPS solutions were 
0.04 and 0.01 g/mL, respectively. The term symmetric denotes 
matching the bilayer films on a degree of polymerization basis. 
For commercially available polystyrenes the best match possible 
for each bilayer was ND/NH = 1.10. 

There are three reasons for choosing polystyrene as the material 
for this experiment. First, polystyrene is made by anionic po- 
lymerization, which helps ensure that molecular weight distri- 
butions are narrow. Second, atactic polystyrene is amorphous, 
making PS well suited for studying the dynamics of random-coil 
chains. A crystalline material would have additional diffusion 
mechanisms available, and there would be problems with 
channeling the primary ion beam during testing. Finally, PS is 
a well-characterized material for studying many aspects of 
polymer science, and comparison with diffusion results obtained 
by other workers, as reviewed in ref 55 and 56, is facilitated. 

Sample Preparat ion.  H P S  layer: Silicon substrates, mea- 
suring 1.8cm x0.8cm,werecutfromalargewafer. Thesubstrates 
were cleaned using the standard RCA method for electronic device 
preparation:' which is essentially a three-step process. The 
substrate is initially washed in reagent-grade acetone and then 
washed in reagent-grade isopropyl alcohol, followed by a rinse 
in deionized water. Substrates are then heated at  120 "C for 15 
min in ambient atmosphere to  remove any residual water. The 
RCA cleaning method ensures that the phof,oresist, used to protect 
the wafer surface during cutting, and silicon dust are removed 
from the substrate before further processing. 

A 45-mL volume of HPS solution was filtered through a 0.45- 
pm millipore system into a clean 100-mL graduated cylinder. 
The HPS film was solution cast onto the silicon by placing the 
substrate into the graduated cylinder for 10 min. A variable- 
speed motor, set a t  20 rpm, was employed to dip and remove 
samples from the HPS solution a t  a constant rate. Upon removal 
from solution, each sample was held a t  the 100-mL mark on the 
graduated cylinder for about 3 min in order for the film to stabilize. 
A final step in HPS film preparation was the heat treatment to  
remove residual solvent. Samples, in a batch, are heated slowly 
to 120 "C, held for 6 h, and then cooled. Slow heating helps to 
avoid pinhole formation in the films.5' A second benefit of the 
heat treatment is to remove residual stresses which arise during 
casting. The resulting average film thicknesses for dried HPS 
films were determined by ellipsometry and are given in Table 
111. 

D P S  layer: DPS solutions were filtered through a 0.45-pm 
millipore filter before processing. Microscope glass slides were 

cut into 1.5 cm X 1.5 cm squares and cleaned overnight in a 
chromic acid solution. The squares were cleaned by using the 
RCA method and then spun dry on a photoresist spinner. 
Approximately 40 pL of DPS solution was placed in the center 
of the slide. The square slide was spun at 2000 rpm for 40 s. 
Average thicknesses produced by this approach are given in Table 
111. 

Attempts at heat treating the DPS layers to  remove orientation 
effects proved to  be unsuccessful. A range of different heat 
treatments was employed to  achieve annealing. All were un- 
successful because the DPS film adhered to the glass slide and 
could not be removed for further processing. This problem could 
be solved in principle by depositing the DPS film on a soluble 
smooth substrate, annealing the film, and dissolving the substrate. 

Bilayers: After scoring the sides of the DPS square slides 
with a razor, the film was floated from the glass slide onto the 
surface of deionized water in a Petri dish. The DPS film was 
placed on the HPS film by manipulating the coated silicon 
substrates under the DPS film and lifting to form the bilayer. 
A batch of samples was prepared sequentially, using clean water 
and rinsing the Petri dish between samples. 

Meticulous sample preparation was extremely important for 
this work because any dust or foreign matter absorbed onto the 
films severely degrades the depth resolution. Processing for all 
films and bilayers was conducted in a clean room to reduce 
airborne impurities. The RCA cleaning and water changing 
during this last step helped to minimize particle contamination. 

Welding: After bilayer preparation, the batch was dried in 
a vacuum oven a t  room temperature for a t  least 72 h in order to  
remove water trapped between the layers. Samples were 
individually welded in a Mettler hot stage at controlled times 
and temperatures (f0.2 "C) to promote interdiffusion. Heat 
treatments were performed in a gaseous Ns glovebox atmosphere 
to minimize the oxidized layer a t  the surface. During SIMS 
testing, the smaller oxidized layer helps to  establish steady-state 
sputtering more quickly and a larger portion of the DPS layer 
plateau is observed before entering the transition (diffused) 
region. 

Thickness  measurement: After the sample thickness was 
measured by an L117 Gaertner manual ellipsometer. The basis 
for this technique is measuring the change in polarization of a 
laser beam after it has been reflected from the substrate surface." 
The incident beam is linearly polarized, and the reflected beam 
is elliptically polarized. Phase and rotation shifts of the reflected 
beam are measured. These angles are used in the basic equations 
of ellipsometry to calculate optical properties and thickness. The 
Gaertner ellipsometer had a wavelength of 6328 A. The polar- 
izer and analyzer were both a t  30" to  the sample normal. 
Thickness measurements have an accuracy of h20 A, a significant 
improvement over the previously used stylus techniquels with 
an accuracy of * 175 A. Optical properties for polystyrene, silicon, 
glass, and gold are listed in Table IV. 

Final sample preparation: The final step before SIMS 
testing involved coating the samples with a thin ( ~ 2 0 0  A) layer 
of gold to  prevent charging. The gold-coating technique was the 
same as that used for the SEM observation. Samples were coated 
in a batch. A blanksilicon substrate was included for subsequent 
gold thickness determination. The gold blank was a control, 
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Table V 
Test Conditions 

primarybeam secondarybeam 
element cs+ D+, H+, and C+ 
accelerating voltage, kV + 12.66 +4.5 kV 
current, nA 150 m e a d  quantity 

used to circumvent difficulties in thickness measurement that 
arise from an absorbing film (Au) on a transparent film (DPS + 
HPS). 

Gold coating proved to be a superior method for preventing 
charging than application of an electron flood gun. Extensive 
damage to the region around the crater was observed after using 
an electron flood gun for charge compensation. It is believed 
that the flood gun causes electron-stimulated desorption. Sec- 
ondary ions would be produced from the damaged surface region 
and the crater bottom simultaneously, degrading the depth 
resolution. 

SIMS Teuting. A Cameca IMS-3f secondary ion mass 
spectrometer was used to depth profile the HPS/DPS bilayers. 
The incoming primary beam, with a diameter of 60 pm, was ras- 
tered over a 500 pm X 500pm area. Secondary ions were produced 
over the entire rastered area, but a mechanical aperture was used 
to monitor only a 60-pm circular area in the center of the crater.lS 
Rastering promotes uniform sputtering within the analyzed area 
and promotes a flat crater bottom. Mechanical gating helps to 
prevent artifacts like memory effect and sputter redeposition 
from the crater edges.b0 Without rastering and gating, these 
artifacts would adversely affect the depth profile. 

Testing conditions are listed in Table V. Observation of 
positive secondary ions requires a positive sample bias. The 
accelerating voltage for a positively charged primary ion will be 
reduced as it travels toward the sample. For the conditions in 
Table V, the relative accelerating voltage will be +8.16 kV, the 
difference between the primary ion accelerating voltage and the 
sample bias. In comparison, the observation of negatively charged 
ions would require a negative sample bias. For the same voltage 
magnitudes, the relative accelerating voltage would become 
+17.16 kV, double that for positive Secondary ions. The primary 
ion range and atomic mixing effects would consequently extend 
over a greater distance, degrading the depth resolution. 

Several types of primary beams were available on the Cameca 
IMS 3f: Cs+, 02+, 0-, and Ar+. Cesium has the greatest stopping 
power by virtue of its mass. Cesium also offers greater beam 
stability than the other choices. TRIM m (Transport of Ions in 
Matter) calculationsshow that Cs+ at +8.16 kV has a much smaller 
penetration de th in PS (a150 A) than 0- or Ar+ at the same 

the primary beam column requires a minimum of +12.66 kV. 
The positive carbon secondary current was measured to 

monitor the stability of the profile as shown in Figure 6. After 
steady-state sputtering is achieved, a constant C+ current 
indicates that the testing is proceeding smoothly. Secondary 
currents for H+ and D+ are the measured quantities. The current 
intensities in Figure 6 are plotted in real time on a log intensity 
versus channel or cycle number (time unit) to facilitate quan- 
titative analysis of depth profiles. 

An important ion matrix effect in SIMS is mass interference, 
where signals from different atoms (or molecules) with the same 
mass-to-charge ratio interfere with one another. For example, 
a double-charged Si2+ atom (mass 28) would interfere with 
measuring Al+ (mass 14). Control samples of hydrogenated, deu- 
terated, and centrally deuterated triblock copolymer (D-H-D) 
were analyzed to evaluate H2+ interference with the D+ signal. 
Results showed that H2+ interference was negligible, which is 
most likely attributable to its very low isotope abundance 
(0.015%). The large dynamic range of the deuterium signal, 
usually several decades (Figure 6), makes the D+ signal less 
susceptible to H2+ interference. 

During sample changes in the SIMS sample chamber, intro- 
duction of a small amount of water vapor is unavoidable. 
Hydrogen from the water interferes with the H+ signal. The 
vacuum system (1 X lV Torr) decreases the water vapor partial 
pressure as the test proceeds, resulting in a hydrogen signal that 
is a function of time. This effect is most clearly seen at the 

energy (X75 R ). Extraction of cesium ions from its source in 
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Figure 6. Raw profile from SIMS testing. This plot is the log 
secondary ion signal versus cycle number (time). 
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Figure 8. Thickness gradient for a sample induced by the HPS 
layer drying technique. 

beginning of the depth profile as shown later. After s uttering 

signal keeps decreasing. There is no steady-state sputtering 
before entering the transition zone. Uncertainty in the location 
of the lower H+ plateau and its time-dependent nature render 
the hydrogen signal problematic for analysis. In this work, the 
concentration profiles were analyzed using the D+ signal. 

through the initial surface layer (4% channels or 250 ip ), the H+ 

Methods of Data Analysis 
Depth scale calibration: The HPS film casting 

technique (Figure 7) produces a thickness gradient as 
shown in Figure 8. The gradient occurs along the sample 
length, and thickness changes in the transverse direction 
are negligible. The spinning technique used for DPS 
produced uniform films. Consequently, the bilayer has 
the same thickness gradient as the HPS layer. 

There are several methods for calibration of the depth 
scale.% Previous workI5 utilized a stylus technique to 
measure crater depth after testing. This approach in- 
troduces errors for polystyrene because the diamond- 
tipped stylus can have a variable penetration into the 
polymer during measurement. A second approach is to 
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The resolution function g(z) can be obtained from the 
derivative of the measured profiles3 for a sharp interface. 
The depth resolution is twice the standard deviation of 
the response function.3' 

The solution to eq 18 is readily obtained if Z(z), c(z ) ,  and 
g(z)  are all Gaussian functions. The true broadening Azo 
is given in terms of the measured broadening C u m  and the 
instrumental Gaussian broadening Azg by63 

L l n e i r  
Count8 

A P b i t P a P )  
unite 

1 
Deuterium t 

, ' ' ' I ' ' ' (-8 ' I ' 

A n g s t r o m s  
1000 2000 3000 4000 5000 6000 

Figure 9. Figure 6 after depth scale calibration. The distance 
scale is in terms of sputter depth, 2. 

assume a constant sputter rate, z', such that the crater 
thickness is simply z = z't. Slight variation in the primary 
ion current during testing induces a great uncertainty in 
the depths found by this method. 

The best approach for depth calibration of polymer 
samples is given as follows. Before Au coating, the gradient 
in thickness due to film casting in each sample is carefully 
measured by ellipsometry. The clip end of the sample is 
the datum for distance along the sample length. Thick- 
nesses a t  several positions are analyzed to obtain the 
sample thickness gradient. Thicknesses a t  other positions 
were determined by linear interpolation. After SIMS 
testing, the distance of the center of each crater is measured 
with respect to the clip end. The gradient analysis was 
used to determine the precise bilayer thickness of each 
crater. Although the thickness gradient may be significant 
over the length of the sample, it becomes negligible over 
the 60-pm analyzed region. For example, one of the largest 
gradients measured was ~1100 A from sample end to end. 
The thickness change over the 60-pm analyzed area is then 
=4 A. Therefore, the gradient is small enough that the 
depth resolution is unaltered, but it must be measured in 
order to determine the crater thickness accurately. 

The final step in depth calibration is to find the time 
needed to sputter a particular crater to a known depth. 
A raw depth profile is shown in Figure 6. Each channel 
(or cycle number) on the abscissa is the time it takes to 
scan through the masses being measured. For example, 
if C+, D+, and H+ are each measured for 1 s, then each 
cycle number is 3 s. Since the mass spectrometer requires 
a short time to switch between masses, each channel is 
actually slightly greater than 3 s. All secondary signals 
decrease when the cascade mixing region reaches the silicon 
substrate. The point of contact is accurately determined 
by observing the spot where a secondary ion current 
departs from its level plateau as shown in Figure 6. This 
channel number corresponds to the bilayer thickness (for 
this crater) minus the cascade mixing region.6l The time 
scale is converted to one of depth after subtracting the 
TRIM 86 calculated cascade region thickness from each 
thickness. Figure 9 shows the data from Figure6 converted 
to a linear count versus depth scale. Depth calibration in 
this manner avoids problems associated with assuming a 
constant sputtering rate and has a higher accuracy than 
the stylus technique. 

Deconvolution: The true c(z')  and measured i ( z )  
concentration profiles are related by the convolution 
integral 

Z(z) = $_:c(z') g(z-2') dz' (18) 

Azo = - A z y 2  

where 

The resolution function Azg is assumed to be independent 
of depth. The true broadening, A z o ,  is obtained by 
correcting the measured broadening for the effect of the 
system response. 

Other deconvolution methods must be used when the 
measured profile has a more general shape or when the 
resolution function cannot be approximated by a Gauss- 
ian probability function. Two approaches to obtain the 
general solution to eq 18 are the Fourier transform and 
van Crittert methods.w7 Comparison of the two pro- 
cedures shows that convergence of the van Crittert method 
produces a solution equivalent to the best Fourier trans- 
form.67 

The van Crittert method is an iterative procedure which 
gives the solution 

c'(z) = c'-'(z) + Z(z) - l:ci-'(z') g(z-z') dz' (23) 

C O ( Z )  = Z(z) (24) 

As n goes to m, cn(z) goes to c(z) .  The applicability and 
convergence of this method has been examined in 
depth.M*@@v6s This is an excellent approach to recovering 
the true profile as long as Azm 1 2lI2 AzV When the depth 
resolution is greater than 70 '% of the measured profile, eq 
23 may not converge to c ( z )  in a realistic number of 
iterations. 

Profile analysis program: A computer program was 
developed to deconvolute measured profiles and calculate 
various quantities. Sharp interface profiles were first 
analyzed to determine the depth resolution. The program 
locates the interface as the maximum of the derivative. 
To ensure accuracy, the raw profile is smoothed and the 
derivative is smoothed. The polynomial smoothing routine 
developed by Savitsky and Golay71 was used. Comparison 
of the smooth and raw curves in Figure 10 indicates the 
usefulness of the polynomial routine. Derivatives are very 
sensitive to noise. The Savitsky and Golay method is 
applied to calculating derivatives in order to improve the 
signal to noise ratio. The smoothed derivative (Figure 
11) from the profile in Figure 10 illustrates the success of 
polynomial smoothing. There is a compromise between 
noise reduction and deconvolution. Successive applica- 
tions of the van Crittert procedure induces noise,@ and 
iterative application of the polynomial smoothing produces 
convolution.@ Smoothing of profiles used one iteration 
of a 25-point polynomial to achieve noise reduction (5x1 
and avoid convolution complications. Noise reduction is 
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Figure 10. Result of the polynomial smoothing routine on a 
deuterium profile. The depth scale is now a relative distance 
based on the Matano interface ( x  andz of Figure 9 are equivalent). 
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Figure 11. Derivative of the smoothed curve in Figure 10. The 
derivative was calculated by the polynomial smoothing routine 
used for the previous figure. 

proportional to the square root of the number of points 
used in the polynomial fit. 

Profiles from interdiffused bilayers were deconvoluted 
by using eq 18. Minor chain properties N ( t )  and X(t) 
were calculated from the deconvoluted profiles by using 
eqs 5 and 6. Diffusion coefficients a t  various concentra- 
tions were computed by the Matano-Boltzmann method 
by using eq 9. 

Results 
Interface design: A major objective of this study was 

to obtain the concentration depth profile a t  distances 2 ,  
less than the radius of gyration R,, of the polymer chains. 
At  the reptation time T, the average monomer interpen- 
etration distance X(T) for a symmetric polymer interface 
is given by Zhang and Wool as2l975 

X ( 7 )  = 0.81R, (25) 

R, = [C&V/6Mo]1/2bo (26) 
where C,, j ,  Mo, and bo are the characteristic ratio, number 
of bonds per monomer, monomer molecular weight, and 
the bond length, respectively. 

To observe small-scale motion at  t < T and X(t) < X(T), 
2X(t) must exceed the depth resolution Az = 150 A. For 
the 929K(HPS) / 1082K (DPS) bilayer system, we calculate 
X(7) as follows: M = 1 082 000, MO (deuterated) = 112, 
C, = 10, bo = 1.54, a n d j  = 2, such that R, = 276 A and 
X(T) = 223 A. Since the width of the interface is 2X(7) 
= 446 A, this resolution should provide useful information 
in a considerable monomer interpenetration range at  t < 

R, is given by 

7. 
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Figure 12. Protonated and deuterated depth profiles for a 
1030K(DPS)/929K(HPS) interface healed at 146 "C for 720 min. 

Table VI 
Molecular Weight Series 

anneal anneal mono- interpene- first diffusion 
temp, time, mers, tration moment, coefficient, 
"C min c0unts.A distance, 8, counts& cm2/s 

123.2 
128.2 
130.4 
132.4 
134.8 
140.0 

125.4 
133.0 
135.8 
138.2 
146.6 

138.2 
145.0 
151.5 
159.2 
166.2 
173.1 

142.0 
149.6 
153.2 
156.2 
160.2 
169.8 

(a) 93K(HPS)/ 111K(DPS) Results 
362 89.03 312 2.779X 10' 
90 51.29 258 1.326 X lo4 

90 217.5 550 1.196 X lo5 
90 280.8 715 2.009X lo5 
30 256.9 700 1.798 X lo5 

362 45.13 218 9.824 X lo3 
90 56.51 269 1.520 X lo4 
90 90.17 351 3.168 X lo4 
90 103.0 381 3.920 X lo4 
30 137.8 443 6.102 X lo4 

362 34.35 140 4.794X 103 
90 22.91 93 2.142 X lo3 
90 90.18 252 2.272 X lo3 
90 166.9 504 8.407 X lo3 
90 203.6 628 1.279 X lo3 
30 167.3 595 9.960 X lo3 

(d) 929K(HPS)/1082K(DPS) Results 
362 38.77 127 4.932 X lo3 
90 25.39 106 2.681 X lo3 
90 45.83 171 7.853 X lo3 
90 98.13 295 2.896 X lo4 
90 82.37 312 2.572 X lo4 
30 100.6 326 3.277 X lo4 

90 138.7 395 5.475 x 104 

(b) 169K(HPS)/199K(DPS) Results 

(c) 591K(HPS)/693K(DPS) Results 

1.993 x 10-l6 
4.657 x 10-l6 
1.345 x 10-lS 
2.664 X 10-l6 
4.415 X 
1.245 X 

1.403 x 10-lB 
9.013 x 10-le 
1.719 x 10-l6 
2.045 x 10-l6 
8.611 X 

2.026 x 10-l6 
3.679 X 
3.099 X 
1.205 X lo-" 
1.777 X 1O-l' 
4.547 x 10-14 

1.522 x 10-le 
3.930 X 10-l6 
1.117 X 10-16 
3.500 x 10-16 
3.866 x 10-16 
1.246 x 10-l6 

Temperature dependence of diffusion: The diffusion 
coefficients D were first evaluated at  long times ( t  > 7 )  as 
a function of temperature and molecular weight. Figure 
12 shows typical profiles obtained from the 1030K(DPS)/ 
929K(HPS) bilayers a t  146 "C and a 720-min diffusion 
time. The symmetry of the profiles permits a diffusion 
analysis from several sections. However, a t  short depths 
(X = 500 A), the protonated profile may be contaminated 
with H from water vapor and the deuterated profile was 
used to extract the D values. D was calculated by using 
the Matano method for concentrations C, in the range 0.1 
I C I 0.9. The data (average D values) are summarized 
in Table VI. 

The temperature dependence of D was analyzed by using 
both the Arrhenius and Vogel methods. Figure 13 shows 
a Vogel plot of log (DIT) vs B / ( T  - 2"). The constants 
A and B from the Vogel analysis (eq 11) are given in Table 
VI1 for each bilayer and compared with data reported by 
Green et al.76J7 using FRES. The FRES method measured 
D = 8.8 X lO-'5 cm2/s for 900K(HPS)/915K(DPS) at  174 
OC. Scaling to 1082K DPS using D 0: W ,  the value becomes 
D~-(1082K, 174OC) = 6.29 X 10-'5cm2/s. Using Green's 
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Figure 13. Diffusivities for all molecular weights fitted with the 
Vogel relation. 

Table VI1 
Vogel Constants 

constant A constant B 
mol wt Kramer exptl Kramer exptl 
11K -8.768 -7.531 710 753 
199K -9.2748 -9.8292 710 617 
693K -10.358 -10.194 710 778 
1082K -10.745 -10.490 710 808 

A andB constants in Table VII, the Vogel analysis predicts 
D F R E S ( ~ O ~ ~ K ,  174 "C) = 1.72 X 10-14, which is about 2.7 
times larger than that obtained by scaling with molecular 
weight. The Vogel analysis for the 1082K sample using 
our values in Table VI1 predicts Ds1~s(lO82,174 "C) = 5.1 
X 10-15cm2/s, which is about 3.3 times smaller than Green 
et ala's value. 

At  170 "C, Green's constants are in better agreement 
with our experimental data (discussed for Figure 19). The 
comparison of data from two techniques involving con- 
siderable complexity can easily result in diffusion coef- 
ficients as a function of temperature and molecular weight, 
which may be off by several factors, typically f2-5. 
However, the agreement in the order of magnitude between 
the data obtained by SIMS and FRES is considered to be 
satisfactory. 

The data obtained from the Arrhenius method (eq 10) 
are summarized in Table VIII. The activation energy Q 
varies with each molecular weight because of the tem- 
perature range used for each bilayer. With bilayer samples 
of lower molecular weights, the healing temperatures were 
closer to Tg = 106 "C and thus the activation energies 
were higher, as expected. 

Molecular weight dependence of diffusion at t > T :  

The self-diffusion Coefficients D obtained at  t > T are shown 
as a function of molecular weight a t  175 "C and compared 
with other techniques (from refs 55 and 56) in Figure 14. 
The data were shifted to a reference temperature of 175 
"C. Using both the Vogel and Arrhenius method of shifting 
the data, the scaling laws at  175 "C are given by 

(Vogel) (27) 

(Arrhenius) (28) 

with correlation coefficients of 0.976 and 0.952, respec- 
tively. 

In Figure 14, the data were extrapolated to a reference 
temperature of 175 "C using an Arrhenius method with 
an activation energy of Q = 75 kcal/mol, as used by Tir- 

D cc M2.1f0.2 

D ot M2.1f0.2 

Polystyrene self-diffwion coefficient in c" I in the melt an a function of molecular 
we' ht at or near 175 'C; A - data of Bueche et d b  ( o w e d  at 2a7 OC via rrdiolbelling 
a n f r e d d  to 175 'C with Ea = 76 U/mol). 0 - data of Antonlent et d."* (obtdined 9 
FRS at 177 OC); 0 . data of eamer et d.$* (obt.iaqd via Rutherford b a c h t t 4  
at 170 O C ) .  + ~ data of Kumagar et d." (ob-& vlll ra&olabe at 150 :C lulQ r e d 3  
to 175 O C  &Ea - 75 W/mol); v -data of Bacchw and Km%% (obtcuned PGSE- 
N W  at 2Sp O C  and redud to 175 O C  with Ea = 75 kJ/mol). 0 . data of F l o ~ c b e r ~ 4 ~  
(obtamed vu PCSENMR at or extrapolated to 175 O C ) .  Lind drawn have dope of -2. 

Figure 14. Comparison of diffusion coefficients measured by 
SIMS with other techniques.M Diffusivities are shifted to 175 
"C by an Arrhenius relation using Q = 75 kcal/mol. SIMS values 
are denoted by the symbol (+) (with permission of Rubber 
Chemistry and Technology). Reproduced from ref 55. 

Table VI11 
Arrhenius Constants 

mol wt (DPS) DO, cm*/s €2, kcal/mol 
l l l K  4.732 X 1030 84.9 
199K 1.768 x 1019 64.2 
693K 8.366 X 10lb 59.9 
1082K 2.302 X 10'6 61.4 

re1L55 This value is higher than Q values obtained by us 
a t  this temperature, but similar errors may have resulted 
in shifting the other data. However, the order of magnitude 
of the self-diffusion coefficients is correct and the agree- 
ment between SIMS and other methods in the same mo- 
lecular weight range (105-106) is considered to be satis- 
factory. 

Diffusion coefficients at t < T :  At times less than the 
reptation time and diffusion distances less than the radius 
of gyration, the chain configuration remain affected by 
the reflecting boundary condition imposed by the original 
surface. Interdiffusion at  t < T involves the relaxation of 
the nonequilibrium chain configurations.ls Zhang and 
WOOP analyzed the short-time dynamics and its contri- 
bution to both Rouse and reptation relaxation processes. 
The "compressed" chain configurations have a rapid 
relaxation response in a region t < Td, where Td is the 
Rouse relaxation time for the entanglement length of mo- 
lecular weight Me. Segmental motion dominates the in- 
terdiffusion process for times t < T d ,  where T d  is the Rouse 
relaxation time of the whole chain. For times T d  < t < 
T ,  the reptation mechanism is predicted to dominate the 
interdiffusion process. Since the monomer interdiffusion 
contains significant contributions from segmental motion 
of chains in nonequilibrium conformations, the diffusion 
coefficient D' should be considered apparent since it is 
not a measure of the true center-of-mass motion. 

The apparent diffusion coefficients D' were measured 
for the 1082K(DPS)/929K(HPS) bilayer a t  t < T and 146 
"C. The reptation time a t  these conditions is about 317 
min. Figure 15 shows D' versus healing time. The D' 
values decay from high values a t  t < T to a constant value 
D,, a t  t > T.  The high D' values a t  t < T are largely due 
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Figure 15. Diffusion coefficients as a function of time for 929K- 
(HPS)/lO82(DPS) healed at 146 O C .  

Table IX 
Time Series Results of 929K(HPS)/1082K(DPS) 

Healed at 146.6 "C 
anneal first diffusion 
time, monomers, interpenetration moment, coefficient, 
min countaA depth, 8, c o u n t d 2  10-16cm*/s 
37.5 10.52 161 3499 7.047 
45.0 15.99 114 3682 3.572 
45.0 16.26 135 4609 4.865 
52.5 14.66 164 3359 5.225 
60.0 17.34 159 5130 5.785 
67.5 10.72 146 6229 4.077 
90.0 26.19 153 6651 3.195 
90.0 43.50 166 7227 3.785 

180.0 47.46 197 9329 2.430 
180.0 47.22 180 8491 2.166 
360.0 63.61 243 15490 1.925 
360.0 75.49 277 20870 2.567 
720.0 155.70 384 59750 2.565 
720.0 107.10 364 38980 2.201 

to segmental motion. Using Kramers' A and B constants 
(Table VII) in eq 11, D ,  = 3.7 X 10-l6 cm2/s, which is in 
close agreement with our data. 

The relation between the surface-modified D' and bulk 
D ,  can be approximated as follows. At  t = T ,  the diffusion 
distance is on the order of the chain's end-to-end vector, 
R ,  such that R2 a: D-7. At times t < 7,  the experimental 
interdiffusion diffusion distance X ( t ) 2 ,  measured from the 
concentration profile, is related to the apparent diffusion 
coefficient by X ( t ) 2  0: D't. Thus, the ratio of the apparent 
to the long-time diffusion coefficients is 

D'lD, = [X(t)'/R21 1 (.It) (29) 

It  is readily shown from eq 29 that the ratio D'/D can 
be much greater than unity. Consider the time range Td 
< t < T ,  where Td is the Rouse relaxation time of the chain 
and is related to the reptation time via 7 = 3M/MeTd. The 
monomer diffusion function (from Table I) is X ( t ) 2 / R 2  = 
( t / W .  Substituting in eq 29, the ratio of diffusion 
coefficients is obtained as 

D'/D, = (T/t)'/ '  ( t  5 7 )  (30) 

For example, referring to Figure 15 and Table IX, T = 
360 min. At  t = 37 min, ( T / t ) ' I 2  = 3 and D'/D = 712.2 = 
3. Thus, in this time range, D' t-'l2 and a plot of log D' 
vs log t of the data in Table IX gives an approximate slope 
of -l/2,  in agreement with the reptation theory. At  the 
Rouse time, D'lD = (3M/Me)'/'; when M = 106 and Me 
= 18 000, then D'lD = 13. At t < Td,  the ratio D'/D can 
be much larger. 
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Figure 16. Monomers, N ,  crossing the interface as a function 
of time for 929K(HPS)/1082K(DPS) healedat 146 O C .  Thesolid 
lines are drawn according to the reptation prediction such that 
N a t3l4 at t < T and N a t1/2 at t > T ,  where T = 317 min. The 
dashed line is the extrapolated long-time slope of l / z  for 
comparison purposes. 

The apparent self-diffusion coefficients shown in Figure 
15 do not represent the actual center-of-mass motion. In 
fact, the opposite behavior occurs such that the real center- 
of-mass diffusion coefficient D is less than the equilib- 
rium value at distances X ( t )  C R,. The relaxation of the 
compressed configurations results in very little displace- 
ment of the chain's center of mass,18 X(t),,. Since X(t ) , ,  
= 0 and D 0: X(t)c,2/t,  then we expect D << D ,  at  t < T .  

This behavior is largely dependent on the static rather 
than the dynamic properties of the chains and should be 
observed for Rouse as well as reptation-controlled diffu- 
sion. 

Number of monomers diffused N(t)  at t < T :  The 
number of monomers N ( t )  crossing the interface plane is 
determined from the integral of the concentration profile 
(eq 5). Figure 16 shows a plot of log N ( t )  versus log t for 
the 929K/1082K bilayer a t  146.6 "C. The reptation time 
7 was calculated by using' 

T = R 2 / ( 3 ~ 2 D )  (31) 
where D is measured at  t >> T .  

The self-diffusion coefficient D was obtained by the 
method suggested by Zhang and  WOO^^^^^^ using measured 
N ( t )  values under Fickian diffusion conditions at  long 
times via 

D = 7rI@(t)/t (32) 
for t > 7. Note that the proportionality constant in the 
relation N ( t )  a t1/2 at t > T is Using eq 32 and 
the N ( t )  experimental data in Table IX, we obtain D = 
0.83 X 10-16cm2/s for t I 360 min. Substituting for D and 
R = 677 A in eq 31, we obtain T = 317 min. 

The average value of D (Table IX) at t L 360 min is D 
= 2.3 x 10-16 cmz/s. This value gives T = 112 min, which 
is nearly 3 times smaller than 7 obtained by eq 32. We 
use the value of T = 317 min because the data in Figure 
15 and subsequent figures do not show asymptotic behavior 
at 112 min but closer to 300 min. The method used by 
Zhang and Wool is internally consistent and not subject 
to potential boundary effects and nonasymptotic behavior 
of D vs time in Figure 15. The D values obtained by both 
methods are within the data scatter previously discussed. 

In Figure 16, the theoretical slopes of ' 1 2  and 3/4 from 
eqs 1 and 2 are shown for ease of comparison with the 
reptation predictions. At  t > T ,  the data are expected to 
be in accord with N ( t )  a t1I2, as would be predicted by the 
normal Fickian diffusion process. At t < 7,  the data deviate 
from the extrapolated t1l2 plot (dotted line, Figure 16). A 
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value is comparable to the "tube" diameter of the repta- 
tion model, as discussed by Graessley.'3 The tube diameter 
Rtuh should be comparable to the end-to-end vector Re of 
the entanglement molecular weight, Me. With Rtuh = 
1.31R (the factor 1.31 is used to describe the diameter of 
the sphere which completely contains the entire chain of 
end-to-end vector R), Me = 18 000, Re = 90 A, and Rtub 
= 118 A. If X(Td) = Rtuh/2 because of symmetry a t  the 
interface, then Rtuh/2 = 59 A, which is in agreement with 
the interdiffusion inferred at  the Rouse time. 

The above results were obtained with the assumption 
that the chain ends were uniformly distributed in space. 
de Gennes% has suggested that the chain ends may separate 
a t  the surface and alter the interdiffusion process in a 
more complex manner. However, if the chain ends were 
predominantly a t  the interface plane at  t = 0, the scaling 
law for X(t) would not change to time dependence but 
N ( t )  - t1/2M-1. The intermediate situation needs further 
attention, in terms of both polydispersity and the spatial 
distribution of chain ends from a particular molecular 
weight fraction. 

The above SIMS results are consistent with recent 
studies of interdiffusion in symmetric HPS/DPS interfaces 
using specular neutron reflection (SNR) methods by Ka- 
rim and Felcher et al.=@ and by Zhang and Wool et al.Qw 
The advantage of the SNR method is that it is nonde- 
structive and has an intrinsic depth resolution of about 5 
A. The disadvantage of the SNR technique is that the 
concentration profile is obtained by deconvolution of the 
reflectance spectrum and the nonuniqueness of the 
calculated concentration profile may pose a problem. 

Recently, Steiner et al.81 examined the formation of a 
HPS/DPS interface using forward scattering (FRES) from 
nuclear reactions produced by a 3He beam from a Van der 
Graaff accelerator. The molecular weights of the DPS 
and HPS polymers were 1.03 X lo6 and 2.89 X lo6, 
respectively. They observe that the width w ( t )  of the 
interface increases approximately as w ( t )  a at  160 "C, 
which they interpret in terms of the diffusion of partially 
miscible polymers (TSD). At 160 "C, the interface 
broadened up to 1OOO A and remained constant a t  times 
greater than 50 OOO s (833 min), which is consistent with 
the TSD effect. These times are much greater than the 
reptation time. At  140 "C, they obtained w ( t )  0: 9 UP 
to times of lo6 s. At  this temperature an upper depth 
plateau indicating restricted growth of the interface was 
not observed in the depth range studied. The data are 
not sufficiently detailed in the region of the reptation time 
and depths less than the radius of gyration to determine 
if the transition in slope from l / 4  to l / 2  occurs before the 
onset of TSD. 

Miscibility of DPS in HPS. With high molecular 
weight HPS/DPS systems, Bates et aL31 demonstrated 
that phase separation can occur if x( T )  > Xcr. Since our 
molecular weights are high, the potential exists for both 
phase separation and thermodynamic slowing down of 
diffusing chains. With equal molecular weights, Xcr = 2/N 
from eq 13. Since N = lo4, xCr = 2.0 X lo4. The tem- 
perature dependence of the Flory-Huggins interaction 
parameters is given by Bates et 

x(T) = 0.2/T K - 2.9 X lo4 (36) 
At  T = 419.2 K (146 "C), ~ ( 1 4 6 )  = 1.87 X lo4. Since 

x(T) Xcr, we expect that DPS is miscible in HPS under 
these conditions. This expectation is supported by the 
experimental results where diffusion at  distances greater 
than the radius of gyration of the polymers was observed 
by SIMS. However, we should be concerned with "ther- 

as 

I 7 - 3 1 7  min f 

Figure 17. Average intergenetration distance, X, as a function 
of time for 929K(HPS)/1082K(DPS) healed at 146 OC. The . .  
transition in slope'from'f/d to  111 at t = 7 is drawn in accordance 
with the reptation prediction. 

least-squares fit of the data in the range t I 360 min gives 

N ( t )  = 0.63t0.815 (33) 
which compares with the reptation prediction N ( t )  a 
The data in Figure 16 can be fitted with a power law, N ( t )  
= 0.66to.8 in the entire data range 0 < t < 720 min and by 
N ( t )  = 1.817t0*83, in the range 90 I t I 720 min. This 
result is supportive of the predicted slope transition from 
t3 /4  to t1 /2  at  the reptation time. 

The number of monomers diffused at  the reptation time 
N(7)  is obtained from eqs 31 and 32 as 

N ( ~ )  = (2/*3)1/2~, (34) 
or, roughly, N(T) = R,/4. Since R, = 276, N ( s )  = 70 A, 
which compares with the data in both Figure 16 and eq 
33, where N(317) = 69 A. 

Monomer interdiffusion at t < T :  The average 
monomer interpretation distance, X ( t ) ,  was measured from 
the normalized first moment of the concentration profile 
eq 6 and is given in Table IX. The experimental 
uncertainty was on the order of 11 % . To compare with 
the scaling law predictions (eqs 3 and 4), we plotted log 
X ( t )  vs log t as shown in Figure 17. Again, a t  t > 7,  X ( t )  
a t1l2 as expected for normal Fickian diffusion. At  t < 7 

where 7 = 317 min, the data deviate from the extrapolated 
t1/2 slope and lie closer to the theoretical t1l4 slope. A 
least-squares fit of the data for 0 < t I 360 min gives 

X ( t )  = 49.9t0.27 (35) 
which compares favorably with the reptation prediction. 

Over the entire healing range, 0 < t I 720 min, we obtain 
X ( t )  = 38.5t0*33. In the range 180 I t I 720 min, we have 
X ( t )  = 14.3t0em. Thus, a t  short times the data are well 
represented by X ( t )  a N4, which changes to X ( t )  a t 1 / *  
at  long times. These results provide good support for the 
reptation predictions. The uniqueness of these results 
and the applicability of similar relations to Rouse diffusion 
of chains a t  interfaces are being investigated by Zhang 
and Woo1.a 

A further comparison of theory with experiment is 
obtained from the static prediction that the average 
monomer interpenetration distance at  the reptation time 
is given by X ( T )  = 0.81R,. Given that T = 317 min, we 
obtain from eq 35 that N(317) = 233.55 A. This compares 
with R, = 276 A and 0.81R, = 223 A. In Figure 17, the 
crossover in diffusion behavior in the vicinity of R, = 223 
A is consistent with this prediction. 

Using eq 35, the interdiffusion distance a t  the Rouse 
time Td = 2 min is obtained as x(Td) = 60 A. The latter 
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(2) The SIMS method permitted a relatively easy 
measurement of the self-diffusion coefficient D, with 
minimal data processing. At long times, the raw SIMS 
data can be directly analyzed to obtain D values. At  short 
times and distances ( x  < R,) deconvolution procedures 
improved the quality of the data. 

(3) The molecular weight dependence of the self- 
diffusion coefficient was found to scale as D a M-2, in 
agreement with other methods. 

(4) At  short times, the apparent self-diffusion coefficient 
was greater than the long-time equilibrium value. This 
result could be interpreted as the segmental motion 
contribution to monomer interdiffusion since little center- 
of-mass motion occurs a t  distances less than the radius of 
gyration. 

(5) The short-time results for both the number of 
monomers crossed (N( t )  a: t3I4) and the average monomer 
interpenetration distance ( X ( t )  a: N4) were in good 
agreement with the reptation scaling law predictions for 
the static and dynamic properties of polymer melts. 

(6) The thermodynamic slowing down due to the 
deuterium isotope effect was not observed in the SIMS 
experiment in the depth range explored, x < 500 A. 

(7) The SIMS results a t  x < R, are consistent with results 
of similar symmetric interface diffusion studies using 
neutron reflection at  Argonne National Laboratory. 

Figure 18. Diffusion coefficients from 929K(HPS)/1082K(DPS) 
as a function of temperature a t  three temperatures, investigating 
thermodynamic slowing down a t  the critical concentration of c 
= 0.49. 

modynamic slowing down" (TSD) since eq 36 only con- 
siders the equilibrium miscibility criterion. The molecular 
weights used by Steiner et al.*l were such that x ( T )  > xcr 
at  several temperatures, including 140 "C, and the TSD 
effect was observed at  diffusion distances on the order of 
1000 A. 

Our experimental design was different from that used 
by Green and Doyle,34 who reported the TSD effect using 
FRES. Their approach utilized bilayer samples with 
slightly different compositions (10% 1, and they assumed 
that D was independent of composition for their analysis. 
They find that the diffusion coefficient decreases a t  the 
critical concentration Ccr = 0.5, which is indicative of the 
TSD effect. The decrease in D is amplified with decreasing 
temperature. The mutual diffusion coefficient measured 
at ccr, D(co), is deduced from eqs 13-16 as 

D(ccr) = D * P -  x(T)/xc1 (37) 
where D* is the self-diffusion coefficient in the absence 
of TSD. For our SIMS experiments with M = lo6 and T 
= 146 "C, DID* = 0.065 and we could expect a large TSD 
effect. 

Our results are shown in Figure 18 for M = lo6 and 
welding temperatures of 142-170 "C at times t > 7. These 
plots are representative of the other test temperatures. 
The large TSD effect that was anticipated in the vicinity 
of ccr (eq 37) was not observed but is expected to occur a t  
longer diffusion distances. The distances explored by the 
SIMS method in this work were too short for the 
composition fluctuations to develop and slow the inter- 
diffusion. The enhanced diffusion due to segmental 
motion (Figure 15) at t < 7 further supports our conclu- 
sions. Recent experiments with neutron reflection analysis 
of HPS/DPS blend interfaces by Karim and Felcher et 
al.e79es also failed to detect the TSD effect for deuterated/ 
protonated blends of PS with varying compositions. Again, 
the depth range ( x  < 500 A) in their study was comparable 
to that used in our SIMS study. The lack of a TSD effect 
in both the SIMS and neutron reflection studies is most 
fortunate in terms of designing and interpreting short- 
range interdiffusion data. 

Summary 
In this paper, we outlined the details of the SIMS method 

to measure interdiffusion at  polystyrene symmetric DPS/ 
HPS interfaces. The following points are made in sum- 
mary: 

(1) The SIMS method provides the concentration 
profiles with a depth resolution of ca. 135 A. 
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