Grain Structure of 15,m Copper Plateup on Polyimide

Harish D. Merchant

September 1, 1998

Gould Electronics Inc.
Eastlake, Ohio 44095



Introduction

The grain structure of electrodeposit is complex. When the grains are oriented along a certain
crystallographic axis, fiber texture, the fine and coarse grain structures co-exist. If the
crystallographic twinning is promoted during electrodeposition and the texture axis is parallel to
the twin plane, the z-axis growth across the deposit thickness is preferred. The net effect of the
coincidence of twinning and texturing can be (i) columnar morphology, each morphological
feature containing a cluster of grains and topped by a surface profile; (ii) somewhat elongated
individual grains, the growth extension occurring along z-axis; and (iii) bimodal grain size
distribution, with the fine random (no specific orientation) grains and the coarse oriented grains.
The extent of effects (i), (ii) and (iii) depends upon (a) strength of texture and (b) frequency of
twinning. _ ‘

Furthermore, the grain features observed in the planar or cross-section views, using the optical or
electron microscopy, are uniquely different. What might appear as featureless at relatively low
magnification may show a clear grain structure at high magnification. The grain structure
evident at lower magnification may show up at a high magnification as composed of still finer
subgrain structure. Hence a composite evaluation of grain structure, examined with diverse
techniques at different magnifications, in the planar and cross-section views, is essential.

Since the electrodeposit is generally characterized by an exceptionally fine (~ 1 um grain size)
grain structure, the etched optical cross-section, due to its limited (1 to 2 um) resolution, is not a
meaningful description of the structure; it may show a variety of unrelated and misleading
microstructural features. In particular, the twin traces on the optical cross-section give an
appearance of columnarity where none exists; the etching artefacts delineating clusters of grains
give an appearance of coarse grain structure. The TEM characterization, in the planar and cross-
section views and in the dark field contrast, is the final arbiter of grain structure.

The Gould plateup processing generates a strong texture, but relatively weak incidence of
twinning. Hence the effects (i), (ii) and (iii) described above, though present, are not expected to
be pronounced. In this report, we have examined two samples of 15 um plateup on polyimide
before and after 150°C, 60 minutes anneal. The techniques employed are:

@) Etched cross-section optical microscopy to 1600 x magnification,

(ii)  Planar mid-thickness TEM, following jet polishing, to 100,000 x; grain size
quantification. (University of Kentucky, Lexington, KY).

(iii)  Cross-section FIB-CC (focus ion beam channeling contrast, Ga* ion source) SEM to
100,000 x. (Accurel, Sunnyvale, CA).

(iv)  Cross-section (CS)-TEM, on ultra-microtomed or ion-milled electron transparent sample,
to 200,000 x; bright/dark field contrast, electron diffraction. (STEM, Woodbridge, CT).

(v)  X-ray diffraction texture estimation on air-side and substrate-side surfaces (a few microns
beam penetration) using Bragg-Brentano geometry (grains parallel to surface).



Results

The strength of texture parameter before and after the anneal exposure is summarized below
(random grain structure corresponds to the coefficient 0.33):

Condition Texture Coefficient
Sample A Sample B
As-Deposited Texture~ (110) (111) (100) (110) (111)  (100)
Side
Air 098 001 00l 092 003  0.05
Annealed } Air 0.99 <0.01 <0.01 0.92 0.04 0.04
(150°C., 60 min.) Substrate  0.95 0.03 0.02 0.68 0.16 0.16

The Sample B has apparently responded somewhat to annealing, Sample A has not. For all

practical purposes, a strong (110) texture has been generated during electrodeposition. Thermal
exposure at 150° for 60 minutes has diminished the texture, but the post-anneal texture still
remains strong.

Figures 1 and 2 show the mid-thickness planar TEM grain structure at 25,000 x for the Samples
A and B respectively. The grain boundaries are more sharply delineated for Sample A; become
sharper after anneal for Sample B. The corresponding grain size distributions for Sample B
before and after anneal are shown in Figure 3. A slight grain coarsening due to annealing is
apparent, but the mean grain size of 1.2 um is indicated before and after the thermal exposure.
Note (i) the clusters of coarse and fine grains, (ii) the occasional twins (low twin density) in
Sample A and (iii) a hint of substructure within grains but the substructure is not clearly resolved
at 25,000 x. The etched optical cross-sections for Samples A and B are shown in Figure 4. The
vertical twin traces in Sample A correspond to the planar boundary—to-boundary twins in Figures
1 and 2 (at a much higher magnification).

The average rastered electron diffraction patterns in CS-TEM for the whole layer thickness of
Sample B, prior to and following anneal, are shown in Figures 5. The continuous, relatively
thick rings in the as-deposited state are indicative of the fine polycrystalline grain structure, the
ring thickness is inversely proportional to the grain size. The annealing speckles the diffraction
rings and renders them thinner in spots, suggesting a partial thermal coarsening of the grains. If
the grain structure would have been columnar, with the single grain columns gradually widening
from the substrate to the air side, the electron diffraction pattern would have been in the form of
geometrically arrayed dots; that is apparently not the case.

The examples of FIB-CC SEM cross-section mxcrophotographs for Sample A are shown in
Figure 6. No apparent impact of anneal exposure on the grain structure was observed. There is
some evidence of z-direction grain extension (Figure 6a) and a hint of columnarity (Figure 6b);



however, the column, which is topped by a surface profile, may be circumscribed by twin traces
and may consist of several closely oriented grains. Indeed, the selected area diffraction (SAD) in
the electron microscope has demonstrated that the column height contains several stacked grains
and the column width two or more parallel grains. The twin-induced surface profile generation,

which is essential to the Gould process, appears to produce the conical columnar shape (Figure
6b) which is apparently a cluster of grains with close orientations.

Furthermore, what appears like a fine grain structure to columnar transition with deposit growth
(Figure 6b) is not consistently present (Figure 6¢). Approximately first 10 «m of deposit growth
is mostly equiaxed grain structure with the discrete coarse and fine grain structure regions '
(Figure 7). Note excellent registry between the polyimide substrate and the deposit, with no
evidence of porosity at the polyimide/copper interface (Figure 8).

The CS-TEM and SAD have confirmed an average 1 xm grain size (grain width in cross-
section); some of the apparently larger grains near the air side are in fact agglomerates of
extremely fine (about 0.2 «m) randomly oriented subgrains with poorly defined boundaries
(relatively low misorientation) as illustrated for Sample B in Figure 9. Based on a large number
of careful observations in conjunction with SAD, a schematic of cross-section grain structure is

described in Figure 10. Note that the grains near mid-thickness are extended generally along the
z-direction though a few make a small angle to the z-axis.

Occasional microtwins traverse some of the large grains from boundary to boundary; the twins,
however, are randomly oriented with respect to the z-axis. The twin traces seen in the optical
and FIB-CC SEM cross-sections represent a cumulative artefact due to the texture (grain
orientation) and the twin plane crystallography. It should be pointed out that the CS-TEM
observations indicate elongated grains intermixed with equiaxed grains; the substrate-side to air-
side columnarity of the grain structure is not substantiated.

Figures 11 to 16 show the typical CS-TEM grain structures of the ion-milled cross-section
sample at various distances from the copper/polyimide (Cu/PI) interface; the composite
schematic in Figure 10 is based on these microstructures.

The examples of grains near the Cu/PI interface are illustrated in Figure 11; the fine and coarse
grains coexist. Although the grains are somewhat extended along the growth direction, the grain
structure is largely equiaxed. The mid-thickness equiaxed grain structure is shown in Figure 12.
The adjacent elongated twinned grains at mid-thickness, in the bright field and the dark field
contrast, are displayed in Figure 13. The length axis of the grains is tilted about 30° to the
normal; a few twins traverse from boundary to boundary, the twin axis is perpendicular to the
length axis of the elongated grain. The dark field contrast estimates the grain size anisotropy
between threes and six. The substructure between the high angle boundaries is delineated in the
bright field contrast. _

The elongated/equiaxed mix of grain structures at mid-thickness is shown in Figure 14. Here the
grain extension occurs along the growth axis, but the twins in the elongated grains are slightly
tilted with respect to the length axis. At5 um and 1 um from the air side surface of the plateup,



the grain structure is more often equiaxed as illustrated in Figures 15 and 16 respectively. Rare
microtwins near the air side surface are shown in Figure 16. The curious aspect of these

microstructures is that the grain extension along the growth axis is largely suppressed near the air
side surface.

Concluding Remarks

A classic columnar morphology or grain structure of the deposit has been illustrated time and
again in the technical literature. Large elongated columns, each column a single grain or an
assembly of a few large grains, cover the cross-section vertically from the substrate side to the air
side. The columns are separated by wide boundaries which often contain considerable porosity.
The electron diffraction pattern shows geometrically arrayed spots.

The CS-TEM characterization of the Gould plateup on polyimide has not shown an extensive
columnar morphology, or wide grain boundaries or porosity between the columns. In the mid-
thickness regions, some grain extension in the growth direction has been observed; however, this
grain size anisotropy is suppressed near the air side surface. The average cross-section electron
diffraction pattern is a series of diffused (wide) rings, indicative of a fine equiaxed grain
structure. The CS-TEM grain structure is composed of the clusters of fine, coarse and elongated
grains. For plateup thickness 10xm and less, a largely equiaxed grain structure is anticipated.



FIGURE 1 : Planar TEM Grain Structure in As-Deposited State
25,000X

Samplie B



FIGURE 2 : Planar TEM Grain Structurs in Post-Anneal
( 150°C., 80 min. ) State. 25,000X

Sample B
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FIGURE 3

PLANAR GRAIN SIZE DISTRIBUTION FOR SAMPLE B
PRIOR TO AND FOLLOWING 150°C, 60 min. ANNEAL
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FIGURE 4: Etched Optical Cross-sections of Samples A and B
1800X

Sample A

Sample B
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