EZI

c+Hy
|
&l
(Qﬁ
L

= 3 P g
jFl %?’ :———-‘4' ° _.& T _1
é\ ° ‘/‘—L E\ T
i AON ‘\‘;



et AR T R I ARE R

A TSV Delay Meter for 3D ICs

Moy o4 eokpE Student: Cheng-Yeh Ho
1p R S IR A Advisor: Dr. Iris Hui-Ru Jiang
EEpEL Dr. Chia-Ming Tsai

T IEE DI AL

Ao

A Thesis
Submitted to Department of Electronics Engineering & Institute of Electronics
College of Electrical and Computer Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master
in
Electronics Engineering

June 2010
Hsinchu, Taiwan, Republic of China

SENE 4L EA



FE A EF X EMPANT ETEH o T HMWA ) ML R A RE e ¥ -
b Aforcit 2 SR P LT 1A P ET RS Pl % B2 SIP i

w@%**ﬁﬁﬂwwﬁﬁwéﬁﬁ@%%ea{ﬁﬁagﬁﬁﬁ?&qu,

Sme
i
K=
1%
K=
{w
o3
-l
E—‘d
C
%
&%
5
Ls»
\
)

PRI IFFRLIEE DL P T

S EA I TSV g A4 BT L Vi
L TR GRERRELIEE AP FHe P o A PRT T - BT IR

i%?&%”’i‘?u@ﬁ%;i%}‘%ﬁfuﬁ&mﬁ e g VL BS (S BT R %%’r ozt R

RF A 00 B e B A o
FApiE* ST 90nm CMOS @ 4738 7 HSpice #ft > ot T B b < i
5 074ps > B R AT wf B A 0] Y 0.74ps 0 P TR A AR Ja B pE

BE oo R E LR Y Bl 1200 B > fo— BB TR 4 Ak ik

AT R AR o a4z TR TR R



A TSV Delay Meter for 3D ICs

Student: Cheng-Yeh Ho Advisor: Dr. Iris Hui-Ru Jiang
Dr. Chia-Ming Tsai

Department of Electronics Engineering
Institute of Electronics

National Chiao Tung University

Abstract

The manufacturing cost of the advanced process technology rises rapidly; on the
other hand, the design complexity of modern designs also increases. To conquer the
high cost of a large scale design, the stacked 3D IC is developed.
Through-silicon-vias (TSVs) are widely used for vertical interconnection between
layers in 3D ICs. Due to process variation, even when a signal passes through two
different paths composed of the same series of TSVs, these two paths may incur a
delay difference and affect the accuracy of a synchronous system. In this thesis, we
present a TSV Delay Meter for calculating delay difference between two paths by
HSpice with TSMC 90nm CMOS process. Our results show that the maximum
resolution of the meter is about 0.74ps and the simulated delay errors are lower than

0.74ps as well. Hence, the TSV Delay Meter can precisely detect delay difference.
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Chapter 1

Introduction

1.1 Background

In recent years, the process of VLSI is keeping in advance and the transistor size
has been scaled down into nanometer technology. Meanwhile, System in Package (SiP)
has been applied in the mobile electronic devices to realize small form factor with high
performance. On the other hand, power consumption and RC delay induced by long
interconnections are great concerns. Moreover, the increasing cost for the newest
process also makes industry try to find alternative solutions. Therefore, the engineers
start to stack chips vertically «in order to shrink the footprint area and boost the
performance of a chip. This is the three dimensional integrated circuits (3D IC) that we
call.

Compared with the conventional 2D IC, the 3D IC provides a better solution for
heterogeneous integration, which enhances performance of the chips. The
heterogeneous devices could locate in different substrate materials or different
optimized process condition. The characteristics are satisfied with the structure of 3D IC.
That is, the 3D IC can stack many layers whose substrate materials or process
conditions are different, which enhances the feasibility of heterogeneous integration.

In 3D IC, there are several methods to connect interlayer, which helps signals
propagate regularly. In the beginning, a conventional wire-bonding skill is adopted in
the interconnection of layers, as shown in Figure 1.1 [1]. However, because of the
increase of equivalent series inductance (ESL) and conduction loss, the conventional

wire-bonding skill is not good enough at signal integrity and power consumption for

1



high-speed integrated circuits [2]. Therefore, a through-silicon-via (TSV) technology is
developed for the interlayer connection with short length, as shown in Figure 1.2 [3].
Instead of wire-bonding around the stacked chip, the TSV technology constructs vertical
paths to connect signals and power supply so the stacked layers have the shortest
interconnection, which stands for that the effects of inductance and conduction loss will
be eliminated. In addition, the elimination of TSV’s diameter is an issue for minimizing
the chip area, as shown in Figure 1.3 [4] [5]. Therefore, the TSV technology is the most

important interconnection method for high performance in 3D IC.

1 "7‘/ —

Figure 1.1: A structure of 3D-stacked SiP using wire bonding [1]
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The three steps of 3D IC manufacturing using TSV are as follows: First, through
holes are made by deep Si etching and the holes will be filled with a conductive material
like copper, polysilicon, and so on. Second, use grinding skills to perform
wafer-thinning. Third, stack the chips by bonding skills. Figure 1.4 shows the flow of
TSVs etching [6] and Figure 1.5 presents the wafer level packaging (WLP) process flow
of MEMS devices using TSV and Al to Al bonding [7].

Consequently, TSV plays an important role in 3D IC. On the other hand, in a
synchronous circuit system, the consistency of the signals is very important. When there
are more and more TSVs added in 3D IC, the process variation of the TSVs will affect
the consistency of signals seriously, which stands for that the increase in delay

difference between signals would fail the synchronous circuit system.
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Figure 1.5: Process flow of Wafer level packaging (WLP) (a) TSVs were etched
using DRIE (deep reactive ion etched) for 200um deep. (b) Deposit Poly-Si to fill
the TSVs for electrical signal path. (c) 0.1um thick TiW and 2um thick Al stacked
on the TSVs and the perimeters of an individual die. (d) Etching ~75um deep
cavities. (e) Al to Al bonding. (f) Back-grinding and polishing the cap wafer from
380um down to 180um to expose TSVs. (g) RDL (re-distribution layer) metal was

patterned to complete the 3D interconnects [7].



1.2 Our Contribution

To ensure that a synchronous circuit implemented by 3D stacking technology could
operate correctly, we have to precisely measure the delay difference induced by process
variations. Once the delay difference time is acquired, we could apply an extra circuit to
adjust signals and compensate the delay error. In this thesis, we develop a TSV Delay
Meter to measure the delay difference time resulting from the process variation of the
TSVs. The TSV Delay Meter is able to detect time difference between two signal paths
by a series of digital codes. The resolution of TSV Delay Meter is t/64, which is about
0.74ps under TSMC 90nm CMOS technology. The simulation results show that delay
error is under t/64, which implies the TSV Delay Meter works well.

In addition, TSV Delay Meter not only calculates time difference induced by
process variation but also detects time difference between two paths composed of
different types of TSV for heterogeneous integration. On the other hand, the TSV Delay
Meter is able to calculate time difference from-one path for evaluating the propagation

delay time of a single TSV as well.

1.3 Organization

The remainder of this thesis is as follows: Chapter 2 introduces a TSV model and
problem formulation, Chapter 3 presents the circuit structure of TSV Delay Meter,

Chapter 4 shows the simulation results, and Chapter 5 makes conclusions for this thesis.



Chapter 2

TSV Model and Problem Formulation

2.1 TSV Technology

A through-silicon-via (TSV), which passes through the substrate of a die, is
responsible for interlayer connections of signals and power supply in a stacked 3D IC,
as shown in Figure 2.1 [8]. By the manufacturing order before or after devices or
back-end-of-line (BEOL), the two primary types of TSV, via-first and via-last, are

classified. Figure 2.2 shows the differences between via-first and via-last TSVs [3].

N Edg

.

|
B

:
: :

Edge TSVs

Figure 2.1: A photograph of 3D DDR3 DRAM using TSV technology [8]
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Figure 2.2: Via-first and via-last TSVs [3]

The via-first TSVs are implemented before CMOS and BEOL. To prevent the
CMOS process line is affected and contaminated, the filling materials of TSVs should
be CMOS compatible. For example, polysilicon, which has electric conductivity, is used
for via filling. The implantation-of via-first TSVs is at the foundry level so it has better
design flexibility than via-last TSVs. In addition, the diameter of via-first TSVs is about
1 to 10um and the aspect ratio (height/diameter) is about 3 to 10 [3].

On the other hand, the via-last TSV are fabricated after CMOS and BEOL. Hence,
metal can be selected as the filling material of TSV such as copper. The copper has great
electric and thermal conductivity so the via-last TSVs have no thermal stress issues
compared with the via-first TSVs. Moreover, the via-last TSVs are utilized by the
package companies which stack the fabricated wafers or dies. During the manufacture
of via-last TSVs, the devices could be damaged, which lowers the yield of 3D IC
compared with via-first TSVs. Besides, because the procedure of via-last TSVs is
behind BEOL, the depth of TSVs is deeper than via-first TSVs, which makes the
diameter of via-last TSVs be about 10 to 50um and has the high aspect ratio be about 3

to 15 [3].



2.2 TSV Model

Figure 2.3 shows the characteristics of the TSV, which is composed of lumped
devices such as R, L, C, and G [9] [10]. The resistor R and the inductor L are viewed as
characteristics of TSV. In addition, for representing lossy and parasitic characteristics
induced from an oxide layer and a silicon substrate, the Cox, Gsi, and Cs;j parameters are
added into the TSV circuit model where C is the parasitic capacitance from an oxide
layer, Gs; and Cg; are from a silicon substrate. The equivalent model of a four-port
network using four TSVs also presents that the TSV can be modeled by RLCG devices,
as shown in Figure 2.4. Therefore, we regard a TSV model as a combination of lumped

devices, as shown in Figure 2.5.

R

T T, ]
| | BT

X6.880K S5.88p)

Figure 2.3: Physical equivalent model of TSV [9]
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Figure 2.4: (a) A 4-port G-S-S-G (G: ground; S: signal) network using 4 TSVs (b)
Equivalent model of the network [4]
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Figure 2.5: ATSV equivalent circuit model

The behavior of TSV is like a transmission line. When a clock signal enters into
the TSV equivalent circuit model, compared.with the input waveform, the output
waveform has overshooting and undershooting effects, as shown in Figure 2.6. The
effects induced by the L in RLC-circuits could have an uncertainty for a circuit system if
the positive or negative undershoot crosses the-Vgg/2. Itis an important issue for how to
eliminate these effects. On the other hand, the resistors R and the capacitors C affect
propagation delay. If the same two signals respectively pass through two different TSV
models whose values of RLCG are different, the propagation delay time are totally

different. Therefore, the two signal paths will have delay difference.

T HaUAN

Input =——> TSV = Qutput

Figure 2.6: A block diagram of a clock signal passes through a TSV
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2.3 Problem Formulation

The problem formulation in this thesis is how to precisely find the time of delay
difference between the same two signal paths constructed by TSVs. Because of process
variation, the propagation delay time of the same two signal paths composed of the
identical TSVs will be different. That is, delay difference time between two paths will
be induced. This difference could affect a synchronous circuit system to access a wrong

data. Therefore, calculating the delay difference time precisely is a subject in this thesis.

13



Chapter 3
TSV Delay Meter

3.1 Full Structure of TSV Delay Meter

To precisely detect delay difference time between two paths, a TSV Delay Meter is
designed. It is composed by the following two blocks: Coarse Delay Detector and Fine
Delay Detector, as shown in Figure 3.1. In Figure 3.1, a clock signal passes through two
paths and then enters into the meter. Each path has a delay block composed of TSVs,
which incurs delay difference between two paths. By the digital codes from the outputs
of TSV Delay Meter, we could find the delay difference time exactly. The following

sections in this chapter describe the full structure of TSV Delay Meter and its operating

theorem.
TSV Delay Meter
Coarse
~ outputs
— Delay block S
Path1
Coarse Fine Fine
Input —| Delay | outputs

Detector

Path2

— Delay block

Figure 3.1: Full structure of TSV Delay Meter
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3.2 Coarse Delay Detector

Figure 3.2 is a block diagram of the Coarse Delay Detector [11]. It has three parts:
a delay line, a digitizer, and a switching detector. The TSV2_clk signal passes through
each delay cell (buffer) of the delay line whose propagation delay time is defined as t
and then generates multiphase clocks. The multiphase clocks have two paths: the first
path enters the digitizer to compare with the TSV1 clk signal, and the second path,
cds<1:10>, is prepared to enter the Fine Delay Detector.

In order to find one of the multiphase clocks synchronized with the TSV1 clk
signal, the negative edge-triggered D flip-flops (D-F/F) and the switching detector sense
each position of the multiphase clocks. When there is a low-to-high transition from
D-F/F output signals, the switching detector activates one of the selection signals
(sel<1:10>), i.e., logic 1 is generated. Once the activated selection signal is decided, one
of the cds<1:10> signals will be selected and then enter the Fine Delay Detector
because this signal is synchronized with TSV clk. For example, as shown in Figure
3.3, TSV2_clk produces multiphase clocks like cds<1>, cds<2>, and so on. When
TSV1 clk compares with these multiphase clocks, we find that there is a low-to-high
transition from cds<2> to cds<3> and then the selection signal sel<2> is activated.
Finally, the sel<2> signal selects cds<2> synchronized with TSV1_clk into the Fine

Delay Detector. The operating process of this example is presented by Figure 3.4.

15
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Figure 3.2: Ablock diagram of Coarse Delay Detector [11]

TSV1 clk

TSV2 elk . \> > >
cds<1>
cds<2>
cds<3>
sel<2>

Figure 3.3: An operation of Coarse Delay Detector
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cds<1> cdsk2> cds<3> cds<4> cds<5> cds<6> ... cds<10>

v
Synchronized Signal

Figure 3.4: An example of the sel<2> signal selects cds<2> synchronized with

TSV1_clk into the Fine Delay Detector.

In each path of the multiphase clocks, there is an inverter added between a D-F/F
and a delay cell, which ensures the loading capacitance of each delay cell do not vary
when each D-F/F switches on and off [12]. This behavior makes each delay cell of the
delay line have identical propagation delay time.

There is a dummy delay added in the TSV1_clk signal path. It is composed of two
inverters: the first inverter matches the delay time of the inverter from the multiphase
clocks and the second inverter makes D-F/F have a setup time of t/2 for suppressing
delay error within t/2 between the two synchronized signal path, cds<n>and TSV1_clk.
Without the second inverter, the delay error is within t instead of /2. For example, the
process of delay error elimination is presented as shown in Figure 3.5. Assume that the
delay difference of TSV1 clk and TSV2 clk is 2t and TSV2_clk leads TSV1 clk,
TSV2_clk passes through each delay cell whose propagation delay time is t and the

multiphase clocks are produced. In this case, cds<2> exactly synchronized with

17



TSV1 clk should enter the Fine Delay Detector. At the same time, there should be a
low-to-high transition from cds<2> to cds<3> and sel<2> is activated. However, it
could be the cds<1> to enter the Fine Delay Detector instead of cds<2>. As shown in
Figure 3.5(a), because the cds<2> is synchronized with TSV1 clk exactly, the D-F/F
may detect logic 1 or logic 0 uncertainly when cds<2> compares with TSV1_clk. Once
logic 1 is detected from cds<2>, it stands for sel<1> is activated and selects cds<1> to
enter the Fine Delay Detector with TSV1_clk. Thus, that makes the delay error of t
between two signals entering the Fine Delay Detector. On the other hand, as shown in
Figure 3.5(b), with the second inverter, TSV1_clk has an extra propagation delay time
of /2 that results in the D-F/F detects logic 0 definitely from cds<2>. Finally, sel<2> is
activated and selects cds<2> to compare with TSV1 clk correctly. These two signals
before entering the Fine Delay Detector have a delay error of t/2 instead of t. Therefore,
the delay error elimination that-makes delay error within t/2 is achieved by the second

inverter of the dummy delay.

18
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Figure 3.5: Timing diagrams (a) without the second inverter and (b) with the
second inverter. Assume the delay difference of TSV1 clk and TSV2 clk is 2t

and TSV2_clk leads TSV1_clk.
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3.3 Fine Delay Detector

Figure 3.6 is a block diagram of Fine Delay Detector [11]. The Fine Delay

Detector has four stages which is composed of two input buffers, five phase detectors

(PD), and four tuned delay lines (TDL). By the five outputs of Fine Delay Detector

from the detection of PDs, i.e., q0, g4, 98, q16, and g32, we can know that which input

signal is leading or lagging at each stage and then change the propagation delay time of

the two signal paths by TDLs in order to match the two signals. In addition, the

resolution of Fine Delay Detector attains t/64, which is better than the t/2 of the

resolution of Coarse Delay Detector.

q0

cds<n> o m DL
4
TSV1_clk M4

q8 ql6 T

TDL

M=1/8

M=1/4: b»bbbbb» inlo—
L b 1

M=% § ii_

M=‘r/16:§ —[ [
Lo
M=1/32: =<[>_

M: delay module

El

Yy v
]
El
f88
L{

in2o

q32

___>q

Figure 3.6: A block diagram of Fine Delay Detector [11]
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The phase detectors and tuned delay lines play an important role in Fine Delay
Detector. The PD uses a negative edge-triggered pass-gate D-F/F in order to enhance the
operation of flip-flops and the TDL has one delay module M and eight transmission
gates. For enhancing the resolution, each of TDL has different delay module. First,
TDL32, its delay module consists of two buffers. The delay difference time of the two
buffers is K, where K is 1/32 by tuning the size of transistors. Second, TDL16, its delay
module has two series of delay module of TDL32 and makes its delay difference time to
be 1/16. By the same method, we know that TDL8 and TDL4 have four series and eight
series of delay module of TDL32, respectively.

The reason for adding series of delay module of TDL32 into each TDL is to make
consistency. That is, it ensures that the delay difference time of the previous TDL is two
times of the next TDL exactly. However, if each delay module of the TDLs only has two
buffers and we adjust the size of the transistors respectively to fit every delay difference
time K (K=1/4, 1/8, /16, t/32), the delay difference time of the previous TDL could not
be two times of the next TDL exactly because the tuned delay modules do not have a
basic unit to make consistency. In other words, the respective tuning method could not
guarantee that the delay difference time of each TDL is a multiple of the delay
difference time of TDL32 exactly. Therefore, the series structure of the delay module is
used in the Fine Delay Detector. By the digital codes from the outputs of Fine Delay
Detector, the max resolution of Fine Delay Detector will be t/64.

Table 3.1 shows the situation of digital output of the PD. When g=0, it stands for
that TSV1_clk lags cds<n>. As a result, the cds<n> enters the path of 1+K for more
delay time and TSV1_clk enters the path of 1. On the contrary, cds<n> lags TSV1 clk

when g=1, so TSV1_clk enters the path of 1+K and cds<n> enters the path of 1.
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Table 3.1: The selection of signal paths

Which signal select the path
Status
of 1+K in the TDL?
g=0 | TSVL1 clklags cds<n> cds<n>
g=1 | TSV1 clk leads cds<n> TSV1 clk

Figure 3.7 shows an example of the operation of the Fine Delay Detector. Suppose
that TSV1_clk lags cds<n> 11.37ps, 1t is equal to 47ps, and the five digital outputs (g0
to g32) of Fine Delay Detector are 01000. First, the signal of g0 which equals 0 means
the phase detector detects that TSV1_clk lags cds<n>, so the TSV1_clk enters the
normal delay path which has the buffer. size of 1 shown in Figure 3.6 and cds<n> enters
the long delay path which has the buffer size of 1+K presented in Figure 3.6 with the
extra t/4 delay in TDL4. Second, the signal of g4 which outputs 1 means the phase
detector detects that TSV1 clk leads cds<n> after the two signals pass through TDL4,
so the TSV1 clk enters the long delay path with the extra t/8 delay in TDL8 and
cds<n> enters the normal delay path at this time. Similarly, the following outputs of g8
and q16 which are equal to 0 make cds<n> enter the long delay path two times from
TDL16 to TDL32. The output of q32 is equal to 0, which stands for that we could have
an estimation to add the extra t/64 delay into the cds<n>. Therefore, the total delay
difference, D, between TSV1_clk and cds<n> is an equation as follows:

/4 + 1/16 + 1/32 + 1/64 = D + 1/8 + unknown delay error.
Finally, D is equal to 15t/64, about 11.02ps. Compared with 11.37ps, the value
calculated by Fine Delay Detector has a mismatch of 0.35ps, which is lower than t/64.

That is, the mismatch is under the maximum resolution of the Fine Delay Detector.
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TSV1_clk lags eds<n>11.37ps.

q0 q4 q8 q16 q32 = 01000 x: unknown delay error
=i  Delay Difference=15t/64  igm

; /4 P16 w32 ti6d

! cds<n> é: P < > < P :_f_;:
4 TSV1_clk | i x!
- = : o8 P

1/4 +1/16 + 1/32 + 1/64 = Delay Difference+ /8 +x
- Delay Difference =15t/64 - x

=151/64

=11.02ps (1T =47ps)

Mismatch: 0.35ps
Nominal Value = 11.37ps

Figure 3.7: An example of TSV1_clk lags cds<n> 11.37ps

3.4 Calculation of Delay Difference Time

After introducing the operation of Coarse Delay Detector and Fine Delay Detector,
we present that how the TSV Delay Meter calculates the total delay difference time of
TSV1 clk and TSV2_clk in this section. The block diagrams presenting calculation of
total delay difference time are shown in Table 3.2. There are two cases: TSV1_clk leads
or lags TSV2_clk. If TSV1 clk leads TSV2_clk, the total delay difference time can be
expressed as:

2+ (n—C—F).
In the foregoing expression, t/2 stands for the second inverter delay time of the dummy
delay cell in Coarse Delay Detector, C is the part of coarse delay time in Coarse Delay
Detector, and F is the part of fine delay time in Fine Delay Detector. The part of 1 —C —
F is the answer calculated by TSV Delay Meter. However, t/2 is also added in this
equation. Because the second inverter of dummy delay cell in Coarse Delay Detector is
added in the path of TSV1_clk, which decreases the extra delay time of t/2 when

comparing with TSV1_clk and TSV2_clk. Therefore, we need to add t/2 into the
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equation for reflecting the extra delay time and truly expressing the real answer. On the

contrary, if TSV1_clk lags TSV2_clk, the total delay difference time is expressed as:
(C+F—m)—1/2.

Similarly, the part of C+F—= calculated by TSV Delay Meter subtracts t/2 increasing

the extra delay time is the actual answer of delay difference time between TSV1_clk

and TSV2_clk.
Table 3.2: Calculation of delay difference time
TSV1 clkleads TSV2_ clk TSV1 clklags TSV2 clk
Total delay
J + g s + s —
ditforence 2+ [t— C-F] [C+ F—m]-1/2
[\ [\
TSVI_clk |/ \! TSVL ck | \
& R
. TSV2 clk | , TSV2 clk | i
Diagrams NI o
§ ;(‘,oal'segg ; ;Coarse ;g
: edelayss . o delay
..E 54. ..E Eq- Fine delay .;E 24. ..E E‘. Fine delay
Total delay Total delay
difference difference
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3.5 Simplified Structure of TSV Delay Meter

A simplified structure of TSV Delay Meter is composed of Fine Delay Detector
only, as shown in Figure 3.8. When the delay difference time between two paths is
lower than t/2, we do not need to use the Coarse Delay Detector because its resolution
of t exceeds the delay difference time. According to the simulation results, as shown in
Chapter 4, every delay difference time between two paths is under /2. Thus, we could
remove the Coarse Delay Detector and then adopt the simplified structure to be the main
structure in this thesis.

However, although the Coarse Delay Detector does not be used in the current 3D
IC technology, it still has an opportunity to be applied if a system has more and more

transistors and the technology of heterogeneous integration grows rapidly in the future.

TSV Delay Meter

— Delay block
Path 1

Fine

Fine
Input — '

outputs

Path2
— Delay block ——

Figure 3.8: Simplified structure of TSV Delay Meter
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Chapter 4

Simulation Results

We use TSMC 90nm CMOS process parameters to simulate the performance of
TSV Delay Meter by HSpice. The operating voltage is 1.2V, the input clock frequency
is 2GHz, and the propagation delay time of a delay cell (a buffer) simulated from the

eye diagram is 47ps, i.e., T = 47ps.

4.1 Resolution Issue

Figure 4.1(a) shows the output waveforms when the input clock enters a TSV
equivalent circuit model whose parameter values are listed in Table 4.1. For reflecting
the delay difference time induced from process variation, we use the Monte Carlo
analysis to adjust the value of each RLCG-device. In the Monte Carlo analysis,
Gaussian distribution is adopted and the +30% variation amount of each lumped device
is set for presenting large process variation induced from advanced nano CMOS
technology. In Figure 4.1(b), we find that the maximum delay difference time is under
0.13ps and it is lower than the resolution of Fine Delay Detector unfortunately. In other
words, the TSV delay meter could not find out the delay difference time precisely
between two TSVs. A resolution issue is induced.

By Figure 4.1, we observe two things: first, the delay difference time is much
lower than the resolution of Coarse Delay Detector. Thus, we adopt a simplified
structure of TSV Delay Meter composed of Fine Delay Detector only to be the
simulated circuit, as shown in Figure 3.8. Second, the delay difference time is also

lower than t/64, i.e., the maximum resolution of Fine Delay Detector. To overcome the
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issue, we construct two paths with series TSVs. By series of TSV connected together,
TSV Delay Meter is able to accurately detect delay difference time. Because 3D
integrated circuit is a structure stacked with many layers, there are a lot of TSVs
connected together when the signal propagates from input to output. Therefore, that
TSV Delay Meter detects the delay difference time between series TSVs is a reasonable

method to solve the resolution issue.

Table 4.1: The parameter values of a single TSV model

TSV [13]
Diameter 75 um
Depth 90 um
Material Cu
R 12 mQ
L 15 pH
Cox 800 fF
Csi 9fF
Gsi 1.92 mS (520 Q)
R L
The model of a Cox Cox
single TSV Cy; Gy Cs GSl
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tsv model (single)

In 1.01n

1.04n

enlarged diagram of (a)

(b)

Figure 4.1: (a) Waveforms when a clock signal passes through a TSV (b) An
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A block diagram of simulated structure is shown in Figure 4.2. The input clock
signal has two paths which series the same TSVs with 10 stages to enter the TSV Delay
Meter. We suppose that each of the TSVs in path 1 has identical values of the RLCG
parameters and each of the TSVs in path 2 has the values of parameters within +30%
process variation compared to path 1. The values of RLCG parameters of the TSVs in

pathl and path 2 are shown in Table 4.2.

TSV:  w/o process variation TSV Delay Meter
TSVpy: w/ process variation
= TSV FH TSV F »== = TSV [~
Path1
| Fine | Fine
Input e— output
Path2 O ik
= TSVpy T TSVpy ™ " 7 TSVpy e’\

Figure 4.2: Ablock diagram of detection of process variation
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Table 4.2: Parameter values of the model with 10 stages of series TSV

TSV [13] TSVey (TSV130%)
Diameter 75 um
Depth 90 um
Material Cu
R 12 mQ 8.4~15.6 mQ
L 15 pH 10.5~19.5 pH
Cox 800 fF 560~1040 fF
Csi 9fF 6.3~11.7 fF
Ge, 1.92mS 1.344~2.496 mS
(520 Q) (400~744 Q)
e = eeccee R L
The model | " | .. W
with 10 stages 10 stages
of series TSV | Csi Csi G Csi Gs Cs Gy

After eliminating the range of values of parameters in the path 2, we use the Monte
Carlo analysis to simulate 30 output waveforms-induced by series TSVs whose values
of process variation are given by random, as shown in Figure 4.3 and Figure 4.4. In
Figure 4.3 (series 10 stages), we find that the maximum delay difference time between
pathl and path2 is 2.146ps, which implies that the delay difference time TSV Delay
Meter will find out is either t/64 or 3t/64. In Figure 4.4 (series 100 stages), the
maximum delay difference time is 24.2ps, which implies that the delay difference time
TSV Delay Meter will find out is within 31t/64. Therefore, by the method of series
TSVs, the TSV Delay Meter will be able to correctly calculate the delay difference time

between two paths.
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Figure 4.4: Output waveforms of 100 stages of series TSVs
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On the other hand, when the percentage of process variation of each TSV in the
path 2 is up to 30% exactly, the difference of propagation delay time between path 1 and
path 2 is 2.65ps, as shown in Figure 4.5. This time of difference is longer than 1/64, the
resolution of Fine Delay Detector, so the TSV Delay Meter operates correctly and then
finds out the difference time is 31/64 (2.203ps). Compared with the actual difference
time, the difference time calculated by TSV Delay Meter has an error with 0.447ps. The

error within t/64 stands for the TSV Delay Meter outputs the digital codes accurately.

series tsv + fine-tune delay meter 20100104

ND0:t0:v(cds_feg Path oy
D00 Gcl_fe [
Dostneio LA 2
D00 (10)
12
1
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800m :
S Curfent X=1 012088¢-009 Curnint X=1031591e009 | . Path 2:
3 et R,
o Jertvative=| 4 % 5 extvative: - 0. ‘__»_
2 000 & sont k-1 0145b30-009 @ Cehunt x-1 0342370000
s Qrrent ¥-6.000000e.-001 < Chnent Y-6.000000-001
Herivativen 08465264011 ¢ Girvatie-6 82116564010
00m
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i
s
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Figure 4.5: Output waveforms of series TSVs with +30% process variation
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4.2 Application for Heterogeneous Integration

In addition to measuring the delay difference time induced by process variation,
TSV Delay Meter is used to calculate the delay difference time between different types
of TSV as well. Because of the development in 3D IC, we could apply heterogeneous
integration to enhance performance of the chip. Thus, a signal could be propagated
through many paths composed of different types of TSV.

In this application, we choose three types of TSV as the simulation objects. By the
two paths composed of series TSVs, the TSV Delay Meter detects the delay difference

time between two paths. Table 4.3 shows the characteristics in each type of the TSVs.

Table 4.3: Characteristics of the three types of TSVs

TSV [10] | TSV, [13] | TSV;3[14]
Diameter 3um 75um 55um
Depth 15um 90um 125um
Material Cu Cu Cu
R 170mQ 12mQ 50mQ
L 10pH 15pH 40pH
Cox 30fF 800fF 910fF
Csi 6fF ofF ofF
Gsi 0.5mS 1.92mS 1.69mS

Moreover, there are three structures to be constructed and to be detected by the
TSV Delay Meter. First, the structure A, whose waveforms entering the TSV Delay
Meter are pulled out from different number of series TSVs, is shown in Figure 4.6.
Second, the structure B, whose waveforms entering the TSV Delay Meter are pulled out
from the same number of series TSVs, is shown in Figure 4.7. Third, the structure C,
whose waveforms entering the TSV Delay Meter are pulled out from different number

of series TSVs but in the same path, is shown in Figure 4.8.
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TSV Delay Meter

Structure A
= TSV, M TSV; [ " 9 TSV,
Path1
Fine | Fine
Input e— output
Path2
> TSV, ™ TSV, — " = TSV,

Figure 4.6: Structure A

(Waveforms pulled out from different number of series TSVs.)

TSV Delay Meter
Structure B y
— TSV, — TSV, — = = TSV,
Path1
Fine | Fine
Input e— output
Path2
= TSV, = TSV, ™ = 71 TSV,

Figure 4.7: Structure B

(Waveforms pulled out from the same number of series TSVs.)
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Structure C TSV Delay Meter

Fine | Fine
Input ‘ output

Figure 4.8: Structure C

(Waveforms pulled out from different number of series TSVs in the same path.)

Table 4.4 shows the simulation results of the three structures. In this table, the
delay error is defined as the time of a simulation-result minus the difference time of two
waveforms in front of the Fine Delay Detector and the error rate is defined as the value
of the delay error divided by the difference time in front of the Fine Delay Detector. We
find that all of the delay error in the simulation results is under t/64, which stands for
that TSV Delay Meter is able to accurately calculate the delay difference time between
different types of TSV. Therefore, the TSV Delay Meter not only detects time difference
from process variation, but also calculates time difference between various types of

TSV in the heterogeneous integration.
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Table 4.4: The simulation results of structure A, structure B, and structure C

Initiative Delay
itiativ
Tvpe Cases Dela Difference | Simulation | Delay | Error
A . d Before Results Error | Rate
Difference
FDD
TSV, (5 stages) 2-203ps
! J 1.290ps 1.370ps (31/64) 0.833ps | 60.80%
TSV, (1 stage) _
Structure Code:01110
A TSV; (5 stages) 8.078ps
5 J 6.730ps 8.540ps (11t/64) |0.462ps| 5.41%
TSV, (1 stage)
Code:01010
TSV, (5 stages) 3-672ps
! J 2.783ps 3.604ps (5t/64) 0.068ps | 1.89%
TSV, (5 stages) Code:01101
3.672ps
Structure | TSV, (5 stages)
2.646ps 3.884ps (51/64) 0.212ps | 5.46%
B TSV; (5 stages) - ode-01101
TSV, (5 stages) 0.609ps
! J 5.459ps 7.110ps (9t/64) 0.501ps | 7.05%
TSV3 (5 stages) Code-01011
TSV, (1 stage) 2.203ps
! J 1.750ps | 2.020ps (31/64) | 0.183ps | 9.06%
TSV, (5 stages)
Code:10001
5.141ps
Structure | TSV, (1 stage)
3.986ps 4.843ps (71/64) 0.298ps | 6.15%
C TSV, (5 stages) _
Code:10011
TSV; (1 stage) 8.078ps
: J 6.217ps 7.691ps (11t/64) |0.387ps| 5.03%
TSV; (5 stages)
Code:10101
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4.3 Discussions

To evaluate the area that TSV Delay Meter occupies, we calculate the number of
transistor of Coarse Delay Detector and Fine Delay Detector as shown in Table 4.5.
There are 656 and 496 transistors in Coarse Delay Detector and Fine Delay Detector,
respectively. In other words, the total number of transistor that the TSV Delay Meter
consumes is about 1200. Compared with the number of transistor in a system, which
usually has millions of transistors or more, the number of transistor in the TSV Delay
Meter is so minor that the cost of area in a chip will not increase substantially while
adding a TSV Delay Meter into the system. As a result, the TSV Delay Meter is a

reasonable method to solve the detection of time difference in 3D IC.

Table 4.5: (a) Number of transistor of Coarse Delay Detector and Fine Delay

Detector (b) Characteristics of Coarse Delay Detector and Fine Delay Detector

(@)
Coarse Delay Detector Fine Delay Detector
Total number of transistor 656 Total number of transistor 496
Component No. Component No.
Buffer 2
Inverter 22
Phase detector 5
Buffer 12 .
Tuned Delay Line 4 1
Dummy delay 11 .
) Tuned Delay Line 8 1
D Flip-Flop 11 .
. Tuned Delay Line 16 1
Switching detector 10 .
Tuned Delay Line 32 1
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Coarse Delay Detector

Name

Transmission
gate

Inverter

Buffer
Dummy
delay

D Flip-Flop

Switching
detector

o # of
Description
MQOS
PMOS*1 5
NMOS*1
PMOS*1 5
NMOS*1
Inverter*2 4
Inverter*2 4
Inverter*8
Buffer*4
L 40
Transmission
gate*4
NAND gate*1 3
Inverter*2

(b)

Fine Delay Detector

Name

Transmission
gate

Inverter
Buffer

Tuned buffer

D Flip-Flop

Phase
detector

Tuned delay
line 4
(TDL4)

Tuned delay
line 8
(TDLS8)

Tuned delay
line 16
(TDL16)

Tuned delay
line 32
(TDL32)
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Description

PMOS*1
NMOS*1
PMOS*1
NMOS*1
Inverter*2

Inverter*2

Inverter*8
Buffer*4
Transmission
gate*4
Buffer*2
D Flip-Flop*1
Buffer*12
Tuned buffer*8
Transmission
gate*8
Buffer*8
Tuned buffer*4
Transmission
gate*8
Buffer*6
Tuned buffer*2
Transmission
gate*8
Buffer*5
Tuned buffer*1
Transmission
gate*8

# of
MOS

40

48

96

64

48
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Chapter 5

Conclusions

5.1 Conclusions

In this thesis, we introduce the development and the characteristics of 3D IC. 3D
IC has an advantage of heterogeneous integration, which enhances performance of the
chip. In 3D IC, the Through-Silicon-Via (TSV) technology plays an important role for
the interlayer connection. The processes of TSV technology are classified as two types:
via-first and via-last. The via-first process fabricates TSV before CMOS and BEOL, and
the via-last process finishes TSV after CMOS and BEOL.

The TSV equivalent circuit-model is composed of RLCG lumped devices. Because
of process variation, the delay difference time will be induced when a signal passes
through two paths composed of the same series TSVS. Thus, the TSV Delay Meter is
designed for precisely calculating thetime difference in this thesis. Using the Monte
Carlo analysis to simulate the performance of TSV Delay Meter by TSMC 90nm CMOS
process, we could know the resolution of the meter is t/64, about 0.74ps. The simulation
results show that delay error is lower than t/64, which stands for that TSV Delay Meter
operates accurately. In addition, the cost of TSV Delay Meter using about 1200
transistors is much lower than the cost of a system.

Consequently, TSV Delay Meter is feasible to find time difference accurately,

which helps a system to adjust delay error and enhance performance in 3D IC.
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5.2 Future Work

Not only TSVs but also transistors incur process variability. Although the internal
circuit of this meter may induce errors on the measured time differences, in this thesis,
we consider only one TSV Delay Meter is burried into a chip. Since this meter is the
consistent reference to all measured results, the relative (instead of exact) values should
be concerned. Thus, we do not need to consider process variation of transistors when a
single TSV Delay Meter is burried into a chip.

However, if a chip is burried with more than one meter, each meter may be biased
with different amount of process variation. Thus, the future work should consider the

impact of process variation on transistors.
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