Chin. Phys. B Vol. 25, No. 11 (2016) 118401
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In this paper, ground-signal-ground type through-silicon vias (TSVs) exploiting air gaps as insulation layers are de-
signed, analyzed and simulated for applications in millimeter wave. The compact wideband equivalent-circuit model and
passive elements (RLGC) parameters based on the physical parameters are presented with the frequency up to 100 GHz.
The parasitic capacitance of TSVs can be approximated as the dielectric capacitance of air gaps when the thickness of air
gaps is greater than 0.75 um. Therefore, the applied voltage of TSVs only needs to achieve the flatband voltage, and there
is no need to indicate the threshold voltage. This is due to the small permittivity of air gaps. The proposed model shows

good agreement with the simulation results of ADS and Ansoft’s HFSS over a wide frequency range.
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1. Introduction

Physical constraints and technological challenges beyond
22-nm node now set back the further development of Moore’s
Law of scaling the feature size of transistor.!!~”] The intercon-
nect performance becomes a key challenge to achieving the
overall performance of a chip. Compared with conventional
circuits, through-silicon vias (TSVs) for vertical interconnec-
tion are able to achieve shorter wiring paths, higher intercon-
nect densities, and smaller foot prints. Therefore, the technol-
ogy of three-dimensional integrated circuits (3D ICs) has the
potential to significantly improve the system functionality and
performance. [!~7]

With the rapid development of silicon technologies, the
operating frequency of 3D ICs has been progressively ex-
panded into millimeter-wave (mmW) and terahertz (0.1—
10 THz) regions.®! The heterogeneous integration and high
operating speed make the signal integrity (SI) and the coupling
noise induced by massive TSVs be major concerns for 3D IC
systems. ] This is especially true for high frequency bands,
in which the parasitic parameters of the TSV play more im-
portant roles in circuits. Therefore, the accurate extraction of
parasitic effects of TSVs is vital for the design and assessment
of 3D systems.[>>% The parasitic effects of SiO,-based TSVs
in high-frequency 3D IC systems are put forward. The passive
elements (RLGC) of TSV have been proposed as functions of
the physical parameters and material characteristics, while the
TSV is in GS-mode.*'¥ Up to now, few published works
on TSV technology have been focused on the TSV transmis-
sion structure that is in GSG-mode.">~1°1 Coplanar waveguide
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(CPW) passive elements in the GSG-mode are important tech-
nologies to realize low-cost millimeter-wave ICs,?%2!! which
can also be applied to high-frequency 3D ICs. Therefore,
the three-TSV system is needed to interconnect CPW on dif-
ferent 3D IC layers.!'>! What is more, the S-parameters of
GSG-mode TSVs show better characters than those of GS-
mode TSVs, especially in the millimeter frequency range. ']
It is obvious that the S;; can be reduced remarkably by using
GSG-type TSVs, due to the better shielding effects of the two
ground TSVs around the signal TSV. Therefore, GSG-type
TSVs for microwave applications are analyzed in this paper.
The S-parameters of the GSG-type TSVs are measured, but the
exact parasitic effects of TSVs are not abstracted. In Ref. [17],
we have investigated the parasitic effects and schematic equiv-
alent electrical model of the GSG-mode TSV pair. However,
the simplified T- or 7-model of the GS- or GSG-model TSVs
are needed during the design of 3D IC systems and the equiva-
lent electrical model in Ref. [17] is difficult to reduce into a T-
or m-model. Therefore, we further study it and come up with
another schematic equivalent electrical model, which can be
simplified into a 7-model in this paper.

The schematic equivalent electrical model and simplified
m-model of the GSG-mode TSV pair are established for mi-
crowave 3D ICs with operating frequency up to 10 GHz, which
is based on the design physical parameters and the operating
frequency in this paper. The extractions of different parasitic
effects of air-gap TSVs are introduced in Section 2. Due to
the low dielectric constant of air gaps, the parasitic capaci-
tance of the air-gap TSV shows different characteristics from
the conventional SiO;-based TSV structure. In Section 3, an
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equivalent electrical model and lumped RLGC parameters of
the GSG-type TSV pair are given, respectively. These are ver-
ified by the simulations including ADS and Ansoft’s HFSS,
which show good agreement and verify our analysis.

2. Parasitic effects of air-gap TSVs

The structure of GSG-type TSVs is shown in Fig. 1, in-
cluding a signal TSV and two ground TSVs surrounded by
air gaps. The equivalent circuit model using RLCG compo-
nents is developed based on the geometric and material in-
formation up to 100 GHz. Since the length of TSV is short
enough when compared with the wavelength of operating fre-
quency, the lumped model is used. Parasitic effects of the
inter-metal-dielectric (IMD) layer and the bottom oxide layer
are also taken into account. Design parameters of TSV are
listed in Table 1. The parasitic effects of TSVs, such as re-
sistance, capacitance, and inductance, all function with ma-
terials and the geometry design. These are vital parame-
ters assessing the performance of TSVs and 3D integration.
Among these characteristics, the capacitance, determined by
the dielectric constants of the insulation layer, has the most
predominant influence. All propagation delay, power con-
sumption, and crosstalk increase almost proportionally to the
TSV capacitance. Low capacitance, using materials with low
dielectric constants as insulation layers, is of great impor-
tance for high-performance of 3D systems.!'%-2?! Air (g, = 1
at T = 273 K)!'929 and benzocyclobutene (BCB) polymer
(& = 2.6)!1 are used as insulation layers instead of the con-
ventional silicon dioxide (SiO;) (& = 4). The integration of
low-k (2.8) liner reduces the TSV capacitance by 27.6%.2?!
In this paper, we use the air as insulator layers of TSVs, and
the oxide silicon and Cu are selected as the insulation and re-
distribution layers, respectively.

Table 1. Design parameters of the TSV.

Parameter Symbol Value/pum
TSV radius gy 5
TSV height hrgy 60
TSV-to-TSV pitch Prsv 40
air-gap thickness tair 1
IMD height hivip 2
bottom SiO, thickness hox 2
| havp
TMD
ground signal ground|
TSV TSV TSV

I

Fig. 1. (color online) Cross-sectional view of the GSG-type TSV structure
with structural parameters.

2.1. The resistance of TSV plug

Since the resistance of TSVs represents a parasitic contri-
bution to the signal delay in ICs, it is necessary to extract the
resistance of the TSV metal plug. The analytical expression of
the dc resistance Rygy 4 1S given by 9]

hrgyPTSV
TSV ) ( 1 )

Rrsy.ac = 5
rysy

However, as the operating frequency goes up, the skin and
proximity effects emerge, which cannot be ignored in the cal-
culation of the TSV resistance. Therefore, the resistance of

TSV, Rygy, is given by[14]

— 2 2
Rsy = \/Rasy e+ Ry @

where Rpqy ,. 18 the ac resistance of the TSV, given by

kphrsyPTsv
R _ kphrsy 3
TSVac = 5o s p— 3)

where k, = 1.5 is a correction factor determined by the prox-
imity effect and the ratio prqy /2rrsy;! 3 8 is the skin depth

and is calculated by
S — pTi’ )
V 7f HoltsTsv

where pgy and ftsy are the resistivity and relative perme-
ability of the Cu plug, respectively, and uo = 47 x 10~7 H/m
is the permeability of free space.

2.2. The inductance of TSVs

As the operating frequency increases, the influence of par-
asitic inductance becomes more and more remarkable. For
the GSG-type TSV pair, the current flowing through the mid-
dle signal TSV separates into two ground TSVs. This forms
two current loops among the three TSVs. Therefore, the cur-
rent of the ground TSV is half of the signal TSV with an in-
verted phase. The concept of partial inductance is explored in
this paper to model the inductive effect of TSVs in highspeed
circuits.”*! As the current tends to move toward the surface of
TSVs with increased frequency, the internal inductance goes
to zero and is ignored in our calculations. Partial inductances,
including self- and mutualinductances, are decided by TSV
design parameters such as TSV pillar diameter, length, and
pitch between two TSV pillars as[?¥

Lself—a[ln(b+\/b2+1),/1+1/b2+1/b}, )
Ml_a{ln(ch c2+1)+1/c\/1/c2+1}, ©®)
M, =a {ln <0/2+\/62/4—|—1) —|—2/C—\/4/6‘2+1:| , (D

where Ly is the self-inductance; M, is the mutual inductance
between signal TSV and ground TSV; M; is the mutual induc-
tance between the two ground TSVs; a = Uolr Tsvipgy /27;
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b = hygy/rrsys ¢ = hygy/ (Frsy + Prgy)- The loop inductance
of GSG-type TSVs with frequency up to gigscale!>! can then

be acquired as
Lioop = 1.5Lgeif —2M7 +0.5M5 + Rygy /27 f. ®)

The inductance of every single TSV, Lqy signal A4 L1gy oround
can be expressed as

Lrsv signat = Lseif = M1 + Rrsy /27 f, )
LTSV,ground = 0.5Lgeif — M1 +0.5Mp + Rygy/27f.  (10)

2.3. The capacitance of TSVs

A TSV assumes a metal-insulator-semiconductor (MIS)
capacitance structure. The copper TSV is surrounded by a di-
electric layer for dc isolation (air gaps in this paper). This
isolation dielectric is surrounded by a depletion region when
the TSV gate bias increases, as shown in Fig. 2. Parasitic ca-
pacitance of the TSV is investigated by the following analysis.

Fig. 2. (color online) Cross section view of a single TSV.

The capacitance of TSV, Cyqy is the series combination
of the dielectric capacitance Cgie and depletion capacitance
Caep- Analytical expression for Crqy can be obtained by solv-
ing Poisson’s equation in a cylindrical coordinate system. The
MIS capacitance of TSV is in the accumulation region when
Virsy < VEB, where Vep denotes the flat-band voltage. The ca-
pacitance in this case is the cylindrical dielectric capacitance
given by!%

_ 27&0E gichdie
In (rdgie/rrgy)
where & g and hg;e are the relative permittivity and the height

of the dielectric layer, respectively. As the TSV gate bias in-
creases into the range of Vi < Vigy < Vin, the depletion re-

; Y

gion emerges, where Vy, is the threshold voltage. At high fre-
quency and with a fast sweeping ramp in the direction toward
strong inversion, the semiconductor does not have enough time
to come to equilibrium even with the large-signal variation. [26]

Thus the depletion width does not increase beyond #y,x, and

the minimum depletion capacitance Cqep can be obtained by
the maximum radius of depletion region as

21eyE; sihsi

10 (o /i) (12)

Cdcp min =

The total minimal capacitance of TSV Cygy is the series com-
bination of dielectric and depletion capacitance, which is given
by

Crsy = (1/Caic + 1/Cdepmin)_1 -

Figure 3 contrasts per-unit-length of dielectric capaci-

13)

tance, Cgie, as a function of the thickness of dielectric layer.
In order to better understand the advantage of air-gap struc-
ture TSV, values of Cgie using SiO; as the dielectric layer are
also shown in Fig. 3. We find that Cgi. of the air dielectric
layer is much smaller compared with the one of SiO;, espe-
cially when the thickness of the dielectric #4; is in the small
range. It is due to that the dielectric constant of air is much
smaller than that of SiO,.

12 T T
l
\ Cyie of air-gap structure TSVs
9 ‘\ - = - Oy, of SiO, structure TSVs i
n l
= !
* 1
g 6r 1
~
2 \
o
@) \
\
3+ N ]
S ~
0 —————
0 1 2 3

tdie/P‘m

Fig. 3. Per-unit-length of Crgy as a function of the thickness of the
dielectric layer #4;¢ of air-gap and SiO,-based TSV.

The total capacitance of air-gap structure TSV, Cpqy as
a function of the applied voltage Vi gyis shown in Fig. 4(a).
In order to have a better understanding of the merits of air-
gap TSV, Crgy of SiOz-based TSV is also shown in Fig. 4(b)
for comparison. Since the dielectric layer of SiO; is about
0.1-0.2 pm in the state-of-the-art TSV technology, we assume
1si0, = tair = 1 um for comparison. It is shown that the ca-
pacitance of air-gap TSV is much less than that of SiO,-based
TSV, which shows a 71% reduction when Vg, achieves Vry.
Further, the Crgy of air-gap TSV nearly equals to the dielec-
tric layer capacitance C,j;, which shows only 5% difference.
This is due to the fact that Cy;; is much lower than the deple-
tion layer capacitance Cyep; Crgy is the series combination of
Cair and Cyep. Therefore, Crgy can be approximated to Cyir
when the applied voltage to the air-gap TSV reaches flatband
voltage Vrg. There is no need to specify the threshold voltage
V1 and depletion capacitance in a certain error range. These
phenomena are studied by further quantitative analysis.
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Fig. 4. Per-unit-length of Cqy as a function of the applied voltage Vi .qy
for TSV: (a) air-gap TSV. (b) SiO,-based TSV.

In our research, the difference of Crgy and Cg;e is defined
by A and given by

_ Ciie—Crgv
Cdie

A (14)

From Fig. 2, we know that rgie = rrgy + tdies Tdep =
Frgy T tdie T fmax, then Cyie and Cyepmin are calculated as

27Ey Erdichdie

Cie = —N0Cxdiclldie (15)
¥ (1 + taie/Frgy)

2menE; sihsi
C in = : . 16
9P = T (T F taep (Prgy + faie)) (10

Submitting Eqgs. (15) and (16) into Eq. (14), we can obtain

tdep )
A= ltn(H’TSf_"“e . an
1n<1+ dep >+ "S‘ln(l—i—%)

rrgy Tdie Erdie

from which, we can find that A is the function of the dielectric
layer thickness #4;e, the radius of TSVs rrqy, and the thick-
ness of depletion region #gep. Values of A as a function of
dielectric layer thickness at different radii of TSVs and deple-
tion region thicknesses are shown in Fig. 5. To obtain a better
understanding of the advantage of air-gap structure TSVs, A
of SiO, based TSV is also shown in Fig. 5. We find that A
rapidly drops with the increase of 74;c due to that Cyie goes up
and Cyep goes down as the increase of ;e both for air-gap and
SiO; structure TSVs, and A becomes small enough and can

be ignored when f4;. increases into a certain range. In addi-
tion, the influence of 74e, changes on A becomes significant
when 14;¢ is almost equal to 74¢p and A also increases with the
increase of #4,p. What is more, the variation of rpgy has very
finite influnece on A, which can be ignored.

Assume that the maximum value of A is 5% in this paper.
For the air-gap structure TSV with rpqy = 5 pm, A equals to
5% when the thickness of the air gap achieves 0.75 pm and
continues to reduce as #,;, increases. This also means that we
can simplify the Crgy; of air-gap structure TSV to Cy;; as long
as the thickness of air gap is greater than 0.75 pum and the
applied voltage Vi achieves Vgg. There is no need to distin-
guish V. However, for SiO, structure TSV, A reduces to 5%
when the thickness of SiO, is 2.65 pm due to the large permit-
tivity of SiO,. While 5o, is about 0.1 pm at the state-of-the
art TSV technology, the difference of Crgy and Csio, is 63%.
This also means that it is necessary to calculate both Vr, and
VB to determine the total capacitance for SiO, structure TSV.

100

- - - Prgy = 2.5 um

oW __.__. Trgy =5 um

rrgy = 10 pm
60

X
3 air-gap as dielectric layer: t4,,=0.8 pm
40 -
air-gap as dielectric layer: t4., =0.53 pm
20 | Si0, as dielectric layer

0 0.5 1.0 1.5 2.0 2.5 3.0
tdie/P'm
Fig. 5. (color online) Values of A as a function of dielectric layer thick-

ness at different radii of TSV and different thicknesses of depletion re-
gions.

2.4. The capacitance and conductance of the silicon sub-
strate

The capacitance and conductance of the silicon substrate

between TSVs, Cs; and Gg; are respectively modeled as!?’]
TEYE; silsi
CSi _ 0<r,SiflSi ’ (18)
2
In |:pTSV/(2rTSV) + \/(PTSV/(2rTsv)) -1
Gsi = (0si/&si + wtan & s;) Cs;, (19)

where tan & si = 0.004 is the loss tangent used to characterize
the loss in dielectrics. The minimum Gg; equals to 6.3545 x
10~ with f =0, and the maximum Gg; is 6.5225 x 10~* when
the frequency is up to 100 GHz. There is only a 2.6% increase
with the frequency increasing from zero to 100 GHz, which
is due to @tand, s5iCs; being much smaller than Cs;os;/€s;.
Therefore, the effect of operating frequency on the conduc-
tivity of silicon substrate can be ignored, and equation (19)
can by simplified to

Gsi = 05iCsi /€si. (20)
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There are other parasitic capacitances which are formed
between TSVs and the silicon substrate in the IMD and bottom
oxide layer, Cjyp, and Coy. They are given respectively as!!*!

TEYE: ox N
CIMD _ - 0<r,ox"IMD 7 (21)
cosh™ (prsy/(2rrgy))
E oxh
Cox & T,0X/tox (22)

~ cosh ! (pTSV/(erSV)) .

3. RLGC parameters

The schematic equivalent electrical model of GSG-type
TSVs can reduce to a simplified 7-type transmission-line
model, as shown in Fig. 6, which is simulated by advanced
digital system (ADS) software. The RLGC parameters of the
7-type model in this paper are given by

R = Rrsv, (23)
L= LLOOp7 (24)
2

(0]

G=mpTr 25)
(om)~ +n?

C= M, (26)
(om)” +n?

where m, n, p, and g are given by

m = Crgy +3Cs;, n=06Gs;,

p = 12Cvp Gsi + 2Crsy Gsi,
q = —*(CrgyCsi + CrgyCimp + 6CiMpCs; ).

Ansoft’s HFSS is employed as a 3D EM field solver, which
is based on the finite element method (FEM).[28] The lumped
components of RLGC in HFSS can be obtained by

1+8 14+82)—S12S:
R—Re Zo( +S11) (14 82) — S12521 7 @7
PAVH
L:I— ZO(1+S11)(1+522)—S12521 7 28)
28
1 (1 1-— -2
GRe((JrSn)( S22) + 812521 Sz1> (29)
Zo  (14+811) (14 S2)—S1251
C:Irn(l(l+511)(1522)+5125212521> (30)
0 \Zo (14S11)(14+82)—S125

where @ = 2xf is the angular frequency; Zj is the port
impedance assumed to be 50 Q.

The S11 and S2; of GSG-type TSV using air gaps as the
dielectric layer are shown in Fig. 7. The solid lines are S1; and
S>1 of schematic equivalent electrical model obtained by ADS
simulation. The scatter lines are S;; and S;; of the 3D model
obtained by HFSS simulation. The solid lines accord well with
the scatter ones, which verify the accuracy of our proposed
schematic equivalent electrical model of GSG-type TSV. Per-
unit-length of RLGC parameters of the proposed model and
HFSS simulation results as a function of frequency are shown

in Fig. 8. Curves of the proposed model coincide well with
the HFSS simulation. The error between these is less than 5%
with the operating frequency up to 100 GHz.

port 1
= Cox U Clox =
{f {
0.5Gg; 0.5G;
0.5Crgy 0.25C16y{0.25C1gy 0.5C' gy
I —+— =
n 0.5Cg; 3 0.5C; RS
TSV TSV TSV ort 1 R L ort 2
§L L L § - :
total ground totalsignal  “total ground
0.5Gs; 0.5Gs; 0.50{}056‘ OASC{J}OASG
0.5C gy 0.25C1510.25Cpgy 0.5C1s =
0.5C%; 0.5Cq
' I
- 1T 1T

N Cox Cox =
port 2

Fig. 6. Schematic equivalent electrical model and the 7-type model of GSG
TSV pair with air gaps as insulator layers.

= T T T
A A A AdaaaT
4

21

= oo
& s
proposed model |_( g
4 HFSS
—90 L L L L L —1.0
0 20 40 60 80 100
Frequency/GHz
Fig. 7. S11 and S, of GSG-type TSV.
5 0.5
(a) proposed model
4+ 4 HFSS -0.4
T
£
+
&
~
)
0
0 20 40 60 80 100
Frequency/GHz
10 T T T T 0.8
(b)
8 L, q0.6
&VVVVVVVVVVVVVVVVVVY =
‘E 6 10.4 Ig
= =
4 g
i; 4 10.2 £
© 9 proposed model 0 =
I v HFSS 1
0 L L L L —0.2
0 20 40 60 80 100
Frequency/GHz

Fig. 8. The per-unit-length of RLGC parameters of GSG-type TSV: (a) R,
and Cy; (b) Gy and L.
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4. Conclusion

Compared with SiO,, air gaps were chosen as insulator
layers of TSVs due to the low permittivity in this paper. Since
the electrical characteristics of GSG-type TSVs used in high-
speed circuits are still obscure, the investigation of GSG-type
TSVs surrounded by air gaps are performed. Precise electri-
cal models of parasitic effects are given in this paper. The
parasitic capacitance of TSV can be approximated as the di-
electric capacitance of air gaps when the thickness of air gaps
is greater than 0.75 pum and the applied voltage to the TSV
achieves flatband voltage. There is no need to indicate the
threshold voltage. The per-unit-length of RLGC parameters
of the GSG-type TSV is modeled and verified by the measure-
ments and simulation of Ansoft’s HFSS and ADS in a wide-
band frequency range, which shows good accuracy of the pro-
posed model.
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