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A B S T R A C T

This paper analyzes signal distortion caused by nanometer-scale solder ball fractures. A solder ball fracture
causes an intermittent open circuit on the transmission line. The resulting basic failure mechanism is a drop in
signal voltage, due to the capacitance-induced Alternating Current (AC)-coupling effect (which is induced by the
fractured solder ball). The two major contributing factors to this error are fracture height and the persisting
duration of the consecutive same-logic-value signal. The required signal that induces a voltage drop, sufficient to
detect nanometer-scale solder ball fractures, can be composed by repetition of certain signal patterns even for
the I/O connections with run-length restrictions. The methodology is newly proposed to determine potential
ranges of solder ball fractures. Test pattern generation is made by maximally exploiting the compounding effect
of various sizes of same data bits to generate effective run-length that is larger than maximum run length for the
purpose of detecting intermittent solder ball fractures. In DDR3 memory systems with 5-nm solder ball fractures,
at least 29 bits of consecutive logic “1” or “0” signals are required to detect fractures. If the system has a
maximum run-length of 10, 20, or 30 bits, the test signal—which has the equivalent voltage-dropping effect as
29-consecutive bits—can be generated with six, two, or one repetition of the test pattern, respectively; the test
pattern is in the form of concatenated N-1 bits of consecutive logic “1” and 1 bit of logic “0” where N is the
maximum run length. In addition, a SPICE simulation was conducted to confirm correlation between calculations
and actual results. In the simulation, in order to detect a 5-nm solder ball fracture, at least 37 bits of consecutive
signal were required.

1. Introduction and motivation

To increase the density of the electronic component in a limited
area, ball grid array (BGA) type of packages, which has the solder balls
for the connection pins, are commonly used for the components.
Considering the complexities of recent electronic systems, properly
diagnosing the solder-ball-crack failure in a digital system requires a
great deal of effort. There are certain types of hard errors that are in-
termittently visible, which are referred to as intermittent failures [1].
The cause of intermittent failures is hard to diagnose, mainly due to its
momentary appearance. Listed, are terminologies used in manifesting
the difficulty in diagnosing root causes: No Trouble Found (NTF), Can
Not Duplicate (CND), Retest OK (RTOK), No-Fault Found (NFF), and
Trouble Not Identified (TNI) [2,3].

The solder balls in the package are considered one of the causes of
NTF [1]. Fig. 1(a) depicts a partially broken solder ball, which is called
a “cracked solder ball”. Fig. 1(b) shows a fully divided solder ball,
which is called a “fractured solder ball”. A cracked solder ball will be in

a mechanically weakened state, and the crack in the solder ball can
develop into a fracture by external physical stimuli. In addition, the
incipient fracture may not cause immediate or consistent failure. By
vibration or warpage, the upper and lower parts of a fractured solder
ball may experience sticking and falling [4]. When the two parts are
stuck, the fractured solder ball works as a normal solder ball. On the
other hand, if these parts are detached, the crack develops into unin-
tended open circuit, and may cause an error.

There are two kinds of warpages based on shape: convex warpage
and concave warpage. Fig. 2 exhibits the differences between the two.
In convex warpages, the center of the package is forcefully displaced
from the reference plane, and in concave warpages, the corner of the
package is pulled from the reference plane. Commercial electronic
components typically have an operating temperature range of 0–95 °C
[5], in which temperature range, the warpage range of the package is
about 400–800 nm/°C [6,7]. Thus, the total package warpage range will
be 38–76 μm in the operating temperature range. Considering the
lowest operation temperature as room temperature (24 °C), the
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warpage range is still large, ranging from 29.2 to 58.4 μm. Even if the
device is attached to the PCB, the device experiences warpage on tens-
of-micrometers scale [8]. Therefore, a very small amount of tempera-
ture fluctuation during the system operation can cause solder ball
fracture and intermittent open and closed circuits.

Dynamic Random-Access Memory (DRAM) is a key element in
meeting higher performance requirements in electronic systems. Recent
DRAM components have Fine-pitch Ball Grid Array (FBGA) packages
with more than 78 solder balls, and the number of the solder balls are
increasing for the wide input/output (I/O) memory [9–11]. To satisfy
high capacity and bandwidth, a number of the DRAM components are
implemented in a single system. For example, if the typical Registered
Dual In-line Memory Module (RDIMM) cards are fully populated on a
server system [12], the number of solder balls associated with the
DRAM components can total to more than 67,392 solder balls [13].
Thus, the intermittency of failure of the DRAM operation from solder
ball fractures makes the detection of the fracture complicated.

There are a few methods to test a solder ball's reliability. One of the
most commonly employed methods is thermal cycling and DC-re-
sistance measurement of the solder ball daisy chain. There are several
standards for this test method, and these standards define solder ball
failure as an abnormal resistance increment lasting longer than 1 μs
[14,15]. In addition, according to cross-sectional Scanning Electron
Microscope (SEM) images from previous research [16–18], a solder ball
that violates these failure criteria standards has a micrometer-length
fracture height.

These standards include severe and intensive thermal cycling fea-
tures to accelerate the aging of the solder balls, so the destruction of the
solder ball may be exaggerated. Moreover, if the solder ball experiences
a micro-second-long electrical discontinuity in a real system—which
has a clock period of nanoseconds or data rate of hundreds megabit per
second (Mbps)—, the system may experience a massive number of er-
rors; Recognizing a failure related to such solder ball issue is not dif-
ficult. Therefore, to detect or diagnose intermittent failure due to a
solder ball crack in a real system, nanometer-scale solder ball fractures
and the tendencies of error occurrence must be studied.

Section 2 describes signal distortion by fractured solder balls and
the intermittency of the failure due to distorted signals. Section 3 in-
vestigates signal distortion of switching signals in theory, and exhibits
an example of signal distortion. Then, in Section 4, several examples
that can cause failure in practice—especially for PRBS data pattern-
s—are investigated. In Section 5, the methodology of determining

potential solder ball fractures is newly proposed.

2. Basic mechanism and intermittency of failure induced by solder
ball fracture

A fractured solder may behave as a series capacitor, forming an AC-
coupled transmission line. A DDR3 memory's DQ I/Os have termination
resistors inside the chip. A DQ I/O with a fractured solder ball can
decay its voltage level by an RC time constant, where R is the value of
the termination resistor, and C is the capacitance from the fracture
[19]. Fig. 3 depicts the voltage-drop phenomenon at the receiver buffer
when the fractured solder ball creates open circuit from time t0 to t2
with the 1-RBI (8) signal; X-Repeated Bit Interval (RBI) (n) is defined as
the n-bits of consecutive logic “X” signal. T1-RBI(8) is the total duration of
1-RBI(8) signal. VNOR-LOGIC1 is the maximum voltage level when logic
“1” is driven, and VNOR-LOGIC0 is the minimum voltage level when logic
“0” is driven in case of a normal solder ball. VIH is the input-high vol-
tage of an input buffer, and VIL is the input-low voltage of an input
buffer. VLOGIC1 and VLOGIC0 represent the voltage ranges that can be
recognized as logic “1” and logic “0” by the input buffer, respectively.
VLOGIC1 is between VNOR-LOGIC1 and VIH, and VLOGIC0 is between VNOR-

LOGIC0 and VIL. VTT, which is usually the center level between VNOR-

LOGIC1 and VNOR-LOGIC0, represents the termination voltage of the input
buffer. t1 and t2 represent the times at which the voltage at the receiver
reaches VIH while the voltage drops and rises again, respectively.

Once the fractured solder ball forms an open circuit, the voltage
level starts to drop towards termination voltage, and recovers to VNOR-

LOGIC1 when the circuit recovers to a normal connection. If the voltage
level is lower than VIH and data is captured during TERROR, an error
occurs because the logic status of the signal is unknown. However, if the
open duration is shorter than TNON-ERROR, the intermittent open circuit
does not cause an error because the signal level during TNON-ERROR is
still high enough to give the intended logic value. Fig. 4 shows the
maximum TNON-ERROR by the fracture height when R is 50Ω. TNON-

ERROR for logic “1” can be determined with Eq. (1) below,

= − − ∗ ∗T ln[(V V )/(V )] R CNON‐ERROR IHT TT NOR‐LOGIC1 (1)

The x-axis in Fig. 4 represents the fracture height as a logarithmic
scale, and the y-axis represents calculated TNON-ERROR [19]. The area
under the dotted line is noted as the Non-error area, and the area over
the dotted line is noted as the Error area. If a 2-nm fracture forms and it
lasts for 40 ns, the fracture is mapped to point A in Fig. 4, and errors

Fig. 1. Solder ball with (a) a crack, and (b) a fracture.

Fig. 2. The warpage profile of the electronic device
(a) convex warpage and (b) concave warpage.
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