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Substrate Effects in Monolithic RF Transformers
on Silicon

Kiat T. Ng, Behzad Rejaei, and Joachim N. Burgha®enior Member, IEEE

Abstract—The effect of substrate RF losses on the characteris- effect of the substrate and a metal ground pattern underneath the
tics of silicon-based integrated transformers is studied experimen- transformer coils on the transformer characteristics. Two experi-
tally by using a substrate transfer technique. The maximum avail- - a5 \vere carried out by using two different silicon fabrication

able gain is used to evaluate the quality of transformers similarly | A the effect of substrate |
to that of active devices. The silicon substrate has a pronounced processes. In process A, the effect of substrate loss€&.Qn

effect on the quality factor and mutual resistive coupling factor of IS investigated by using a substrate transfer technique. Test de-
the primary and secondary coils, thereby degrading the maximum vices to study the reduction of losses in the silicon substrate by

available gain of the transformer. A highly structured patterned  ysing a patterned ground shield are fabricated in process B. An

ground shield is shown to improve the maximum available gain of explanation for the effect of a patterned ground on the device
a transformer at high frequencies, while at low frequencies, it has will be given

little effect on the maximum available gain and even degrades the o . . )
quality factors of the transformer coils. Itis shown that the low-fre- The organization of this paper is as follows. Section I
quency degradation of the coil quality factors relates to local eddy introduces theG.x as a figure-of-merit to characterize

currents in the patterned metal shield. transformers. Section Ill outlines the measurement procedure.
Index Terms—Eddy-current losses, etching, ground shield, in- In Section 1V, we will present the effect of silicon removal
tegrated transformer, maximum available gain, mutual coupling, underneath the transformer coils 64,.,. by using a substrate
periodic ground pattern, quality factor, substrate effect, substrate transfer technique. In Section V, we will present the effect of
transfer. a metal ground pattern under the transformer coilS.,
and discuss the eddy-current losses of the patterned shield in
|. INTRODUCTION Section VI. Section VII provides the conclusions of this study.

HE demand for higher integration levels of RF functions
on silicon has generated much interest in integrated Il. FIGURE-OF-MERIT FORRF TRANSFORMERS

RF transformers. Monolithic RF transformers can be usedtne performance of an inductor with regard to its losses can
for on-chip impedance matching, balun implementation, amg well described by its quality facta, i.e., the ratio of the
low-noise feedback. Even though transformers built ovgfhagnetic) energy stored in the device to the dissipated energy
conductive silicon [1]-{5] are expected to be prone to substrafe, cycle. For transformers, however, no such simple figure-of-
losses, like spiral inductors on silicon [6], this effect hagerit exists. In applications where the transfer of power is the
not been discussed yet extensively. Means to suppress sgfhhary objective, the transformer efficiency can be defined as
substrate effects in monolithic transformers have not been diga ratio of the power delivered to the load to the input power.
cussed in detail either. In [7], we had indicated the significangg yiew of the dependence of this ratio on the termination im-
of those substrate losses by using a substrate transfer teCh”E’éﬂ’anceS a more favorable choice of a figure-of-merit for RF
to stress this issue. Metal ground pattern had been proposegigsiormers is the maximum available 98in...., as used for

eliminate the effect of the substrate on the characteristics [S)Jssive RF components in [3], [9]. In terms of earameters
spiral inductors [8] and transformers [2]. sij (i, j = 1, 2), Guax iS given by [10]

In this paper, we study experimentally and analyze the effect
of the conductive silicon substrate and of metal ground pattern

in monolithic RF transformers by using the maximum available G = |22 (k — k2= 1) (1a)
gain as a figure-of-merit. The maximum available gaif.(«) S12

can be expressed in terms of the quality factors of the coils at 1—|s11]? = |s22]? + |A?

the primary and secondary ports, as well as the mutual coupling k= srasa] (1b)
between the ports. Itis the aim of this paper tose.,. to eval- A = 811899 — S12591. (1c)

uate the distinct impact of these parameters on the overall trans-
former characteristic€7,,,,,. will further be used to analyze the However, instead of directly using (1a)—(1c), we use the alter-
native expression
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where the components;; (¢, ; = 1, 2) of the reciprocal
impedance matrix of the transformer can be represented as

711 =Rp+ jwlp
222 = Rs + jwlLs

z12 =721 = Rpp + jwlyy. (3

Here,Lp, Ls, andLy, are the primary, secondary, and mutual
inductances, respectively, adtl-, Rs, and R, represent the
primary, secondary, and mutual resistances of the device. NG
that these quantities are all frequency dependent and cannot be

Bifilar integrated spiral RF transformer, with three turns for both coils.

considered as conventional lumped elements. Substitution of (3) Settled epoxy
into (2b) leads to . X
Front-side  RNQuartel QU
p= -y lRe @)
kin@prQs + kg —>  Front-side
where@Qp = jwLp/Rp andQs = jwLs/Rs are the quality (a) ®) ©

factors of the primary and secondary coils (with the other coll

left open), respectively. The mutual reactivg,() and mutual Fig. 2. Substrate transfer sequence. (a) Front side of chip is glued to handle

resistive £r.) coupling factors are given by substrate. (b) Silicon of chip is polished and etched, epoxy is settled on the
etched surface to quartz. (¢) Handle substrate, which have been glued to the
front side of the chip is removed.

e — [Lm(z12)]?
fm = Im(z11) Tm(z22)
(50 um x 50 um), as compared to the transformer coil area, no
[Re(z12)]? deembedding of pad parasitic was done. The network analyzer
Fre =\ Raos ) oo ©) ’ d d
Re(z11) Re(#22) was set to take averaged measurement readfggrameter

measurements were carried out by using a two-port config-
The mutual reactive coupling factbyt,,, equals the mutual mag- uration, in which the inner terminations of the primary and
netic coupling factor at low frequencies, but the earlier deviatescondary coils had been connected together and grounded.
from the latter at high frequencies due to the parasitic capac-
itances between the primary and secondary coils and between IV. EFFECT OF SUBSTRATE LOSS ON
the coils and substrate. The mutual resistive coupling fdgtor TRANSFORMERCHARACTERISTICS
Epproaches Zero at very low fre_quencu_as wh_ere the _couplmqn order to study the effect of substrate RF losses on trans-

etween the inductors is predominantly inductive. At high fref-

) . armer characteristics, bifilar transformers (see Fig. 1) were fab-
guencies, howevek. assumes a finite nonzero value because . .
o . . ricated on a 132 -cm silicon substrate in process technology A.
of the parasitic capacitances mentioned above and the eddy CUr- : :
) is process had four-level AICu interconnects featuring nom-

rents in the substrate.

: . . inal metal thickness of 0.85 and 0.63n at the metal levels
Equations (2a) and (4) express the maximum available g3 2-M4 and atM 1, respectively, with a vertical dielectric sep-

of & transformer n terms of _the quality fact_ors of its PrIMATY, ration of 1.2;m between adjacent metals. Both coils of each
and secondary coils and their mutual coupling. Increasing t

e T .
quality factors» andQs or the mutual coupling factork,, ree-turn transformer used in this experiment were buil{ dt
and kg, leads to a smallet and, therefore, a highe®,,,.

Besides the integrated transformer structures on the lossy sil-
. . icon substrate, identical structures were built on a lossless quartz
Therefore, an improvement of the transformer quality can bé ) :
. o i .Isubstrate by using a substrate transfer technique. For the sub-
achieved by an optimization of the quality factors of the coils

S . Strate transfer, silicon was removed completely by polishing and
at the ports and maximization of the mutual coupling betweén . o :
. i efching of the substrate silicon, and the transformer die was
the ports. In Sections IV and V, we experimentally study thr%ounted onto a piece of insulating auartz by epoxv alue. as
effect of substrate RF losses and a patterned ground shield on P 94 Y epoxy glue,

. shown in Fig. 2. First, a quartz handle substrate was attached
each of these parameters and the overall transformer maximum . ) ; .
available gain. Fo tlhe chlp _surface by using dlssolvab_le glue. Mechanlcal pol-
ishing of silicon was then done by holding the chip-cum-handle
substrate [see Fig. 2(a)] face down onto a rotating table with
diamond sand paper until about 2@a thickness of silicon re-
On-wafer measurement was done using an HP-8510@ined. Removal of the remaining 30r silicon thickness was
network analyzer and Cascade Microtech air coplananplemented by reactive plasma etching at room temperature
200um-pitch ground-signal (G—S) and signal—ground (S—@ntil silicon end-point detection was observed. Epoxy was used
probes. A line-reflect-match (LRM) calibration procedure ha® attach another piece of quartz [see Fig. 2(b)] onto the etched
been used so that measurement results can be taken direstiface of the die. The handle substrate at the front side of the
from the probe tips. As the measurement pad size was sndlp was then removed [see Fig. 2(c)] by dissolving the glue in

I1l. M EASUREMENT PROCEDURE
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Fig. 3. Measured inductancé ) and quality factor@,) of the primary coil Fig. 5. Measured mutual reactive couplihg, and mutual resistive coupling
of three-turn bifilar transformer with and without substrate transfer. kr. of three-turn bifilar transformer with and without substrate transfer.
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Fig. 6. Measured maximum available ga,,., of three-turn bifilar

Fig. 4. Measured inductancé §) and quality factor @ s) of the secondary transformer with and without substrate transfer.

coil of three-turn bifilar transformer with and without substrate transfer.
ng Pg bg

acetone. The measurements were done and results were com-

pared with those of the control case, for which no removal of

silicon was performed. I : ‘ |
In Figs. 3 and 42 » andQ s are shown as a function of fre- ﬂ QI : ]

quency for a 1: 1-turn-ratio bifilar transformer with three pri-

mary and secondary turns each, an overall diameter of.800

and a linewidth and spacing of 12:8n each. The removal of sg cg

silicon yields significantly higher values for the quality factors

of the primary and secondary coils, particularly at frequencies

above 3 GHz where substrate losses dominate. The influence of

the substrate on the mutual reactive coupling faktgr, how-

ever, is small (see Fig. 5). This is because below the resonant

frequency of the transformer, the mutual reactive coupting

approximately equals the mutual magnetic coupling. The latfgg. 7- Top view of two-turn bifilar transformers over various ground patterns:
[ . __in the absence of ground patteriy), patterned groundpg), bar ground &g),

only depends on the geometry of the coils if the magneticallyjij 4round 4) and coarse grounds).

induced eddy currents in the substrate are negligible. The mu-

tual reS|st|ve_ pouplmg constaht,, however, d_e creases by the|r1ftegrated circuits (RFICs) due to presently nonstandard addi-
removal of silicon because of a larger reduction in the value

X fl)onal technological steps. A possible alternative is the use of a
Rp; compared td?p or Rs. The overall effect on the maximum 9 b P

round pattern to shield the integrated transformer from the sil-

available gain of the transformer is shown in Fig. 6. The ma)?c'on substrate. The ground shield prohibits the electromagnetic

imum attainable#,,, increases from 0.4 to 0.6 with the ap-

lication of the substrate transfer technique for silicon removﬁleIOI from entering the conductive substrate. The flow of mag-
P . q . arll'etically induced eddy currents in the metallic shield, however,
Reduction of the substrate losses clearly leads to a highex

t high f . d. thus. t . d bandwidth leads to a significant decrease in the inductance of the trans-
athigh frequencies and, thus, to an Increased bandwidii. - ¢, ey This effect can be (partly) compensated by patterning

the conductor [8], [11], [12].
V. EFFECT OF GROUND PATTERNS ON In order to study the effectiveness of various ground pat-
TRANSFORMERCHARACTERISTICS terns at metal level/ 1, the ground patterns were positioned
Although useful as a tool in the analysis of substrate effectsgneath two-turn bifilar transformers (Fig. 7) by using process
substrate transfer techniques cannot easily be applied fortachnology B. The $¢” ground pattern has metal strips with a
improvement of integrated transformers on mass-produced B&:m width and a 1Q=m spacing. Thelg” ground pattern has
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considered as a magnetic as well as an electric-field source. Cur-
rent passing through the coil generates an ac magnetic field sur-
rounding the device, while charges at the coil surface induce
electric fields penetrating the substrate. However, the patterned
ground is not an effective magnetic shield at frequencies below
10 GHz. This is because the dominant shielding mechanism for
near-field magnetic sources is absorption loss, which becomes
effective only when the thickness of the shield/&) signif-
icantly exceeds the skin depth of the metal [13]. Furthermore,

magnetic shielding requires the free flow of eddy currents in the
shield, which is now suppressed by patterning.

By contrast, however, a patterned ground can effectively
shield the electric field even when the metal thickness is much
smaller than the skin depth, the main shielding mechanism here
being reflection—rather than absorption loss [13]. If the con-
ductivity of the silicon substrate is not too high, substrate RF
losses are mainly caused by current flow along the electric-field
lines in silicon induced by capacitive coupling between the coil
and the substrate. By (partially) shielding this electric field, a
patterned ground can, therefore, reduce substrate RF losses in
medium resistivity silicon and, therefore, improve the quality
factors of the coils.

At sufficiently low frequencies, the relative contribution of
substrate RF losses to the total coil loss becomes insignificant
as the quality factor is mainly determined by the ohmic losses
in the metal. Therefore, although the patterned ground is still a
Fig. 9. Measured inductancé ) and quality factor @ s) of the secondary 900d electrical shield, it does not enable a coil over it to have
coil of two-turn bifilar transformers over various ground patterns or21:5em higher quality factors at low frequencies, In fact, it may degrade
silicon substrate. the performance of the device since local eddy currents flowing

in the shield cause additional ohmic losses due to the finite metal
metal strips with a 49sm and 60xm spacing. Theég” ground conductivity. Patterning the ground shield substantially reduces
pattern has 3@:m wide openings. this effect, but does not totally suppress it. In Section VI, we

The two-turn bifilar transformer coils used in this experimerwill return to this point by carrying out a model calculation. We
were built at metal levell/3 with underpasses at metal levewill show that the observed reduction of the coil quality factors
M2. In process B, the nominal metal thickness at the meta¢low about 6 GHz (see Figs. 8 and 9) by the introduction of
levels M3, and M2 through M1, respectively, was 3 and the patterned shield can be attributed to the eddy currents in the
2 um with a vertical silicon oxide separation of 14m shield.
between metals and with the silicon/silicon—dioxide interface. Due to this behavior of the quality factofsr and@ s of the
The contact to the ground pattern formed a closed loop (sg#mary and secondary coils, the introduction of the ground pat-
Fig. 7), which, however, was spaced sufficiently away frorern (g, pg) may increase the maximum available gain of in-
the transformer coils to avoid any significant detrimental effetégrated transformers only at sufficiently high frequencies (see
on the transformer characteristics. A square spiral coil wiffig. 10). At low frequencies, it actually leads to lower values
a 12.5xm metal width and a 12.5m spacing and an inner of G .. The kp,, and kg. curves shown in Fig. 11 are not
free coil area of 50x 50 um? has been used in the desigrsignificantly affected by the use of the ground pattern, except
of the bifilar transformer. Experimental results were obtainatkar the self-resonant frequency of the transformer. Note that,
on 15- and 300@2 - cm silicon substrates for two-turn bifilar for the solid ground patterms§) or with coarse patterning),
transformers. the detrimental effect of eddy currents on inductance is quite

From Figs. 8 and 9, it can be seen that, for the coils over theticeable. In Fig. 12, we have also plott@d,,. for the same
two ground patternspy” and “bg,” essentially the same induc-transformers on a high-resistivity (300D- cm) substrate. The
tances were achieved as for those in case of an absent grouse of the patterned ground again yields an impraved,. at
pattern (*»¢"). However, although introduction of the patternedhigher frequencies. However, the improvement is less signifi-
shield leads to highep’s at frequencies above 4 GHz, it actuallycant as compared to the results of the{l5cm case, as the
degrades? at low frequencies. This effect was also observed ielative contribution of the substrate RF losses is reduced by the
[12]. use of the higher resistivity substrate.

The improvement of quality factors of coils over a ground From Figs. 8,9, and 11, itis further seen that the self-resonant
pattern as compared to coils without any ground pattern (seequencies of the transformeng, pg, andbg were all about
Figs. 8 and 9) above about 6 GHz can be attributed to the eléd- GHz. In Fig. 13, the null frequencies feg; of the trans-
tric shielding of the silicon substrate. An integrated coil can Hermersng, pg, andbg are beyond 20 GHz. According to [14],

Frequency (GHz)

Fig. 8. Measured inductanceé £) and quality factor@ ¢ ) of the primary coil
of two-turn bifilar transformers over various ground patterns ofi21&m silicon
substrate.
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Fig. 10. Measured maximum available ga{f..x Of two-turn bifilar
transformers over various ground patterns orf16em silicon substrate.

Fig.11. Measured mutual reactive coupling, and mutual resistive coupling
kr. of two-turn bifilar transformers over various ground patterns of21:5em

silicon substrate.
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Frequency (GHz)

Fig. 13. Measured-parameters of two-turn bifilar transformers over various
ground patterns on 18-- cm silicon substrate.

Fig. 14. Model structure of metal strips over periodic ground bars on silicon
used for modeling eddy-current losses.

current/ is conducted through each strip inducing a total mag-
netic field B. The current density in the bars follows from the
set of coupled integral equations [15]

1
ng, 3000 Q-cm j (_’/)
0.8 P G _, N
p (7)) +jwito Z/ e LA = —jwA(7) ~ V(i)
0.6 v v Arlr=]
£ ng, 15 Q-em
©o.4 (6)
02 pg, 15 Qrem where J;, denotes the current density in th¢h bar, p is the
‘ . resistivity of the metalA is the vector potential associated with
0 the magnetic field3, and¢ designates the electric potential. The
0 5 10 15 20 integrals are taken over the volumgs of the bars. Since we
Frequency (GHz)

are interested in the low-frequency behavior of the device, we
Fig. 12. Measured maximum available gaf... of two-turn bifilar S€parate the electric and magnetic problems by assuming that

transformers over patterned groungg) on 15- and 300@ - cm silicon no local charges are induced in the metal bars, i.e.,
substrates.

V-Jp=0. @)
the transformer power transfer is provided by classical magne\t"\?e have solved (6) and (7) within the planar approximation

coupling below thes; null frequency. Thus, below 14 GHz, the

i ; ith d shiel dbe still beh | where the vertical component of current density is neglected and
ranstormers with ground shie gy andbg still behave as clas- the current density is assumed to be uniform in the vertigal (
sical transformers, just like the transformey.

direction over the thickness of the bars. By taking advantage
of the periodicity of the bar structure and applying a Fourier
transform in ther-direction, we obtain a single integral equa-
tion involving one variabley). The numerical solution of this

In order to see whether the ohmic losses caused by the loeghation is then used to compute the total eddy-current loss in
eddy currents in the patterned shield can explain the obsengsgh bar as follows:

VI. EDDY-CURRENT LOSSES IN THEPATTERNED
GROUND SHIELD

reduction of the low-frequency quality factor of coils, as com- p . N

pared to the case without a shield, we have considered the sim- Pi=35 / J(7) - (7)) dF (8)
plified model structure in Fig. 14. Here, a number of infinitely Vi

long parallel metal strips are placed on top of a periodic pattenhere, = P, = P; = --- = P due to the periodicity of the

of infinitely extended bars modeling a patterned shield. A totatructure.
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05 design, which not only serves its shielding functions, but also
04 | _ minimizes eddy-current losses.
E
Challi ] VIl. CONCLUSIONS
}0'2 I | The maximum available gaitr,.x has been identified as
01 1 a useful figure-of-merit for monolithic RF transforme€s,, .
0 . , , has been expressed by the quality factors of the coils forming
0 2 4 6 the transformer and the real and imaginary terms of the mutual
Frequency (GHz) coupling between the ports to relate the optimization of the in-

dividual coils to the optimum design of the transformer. Based
Fig. 15. Computed equivalent series resistance due to eddy-current losse®n this detailed insight in the physics of the transformer, the fol-

lowing observations were made. The silicon substrate has alarge

6 , : effect on the coil quality factors at high frequencies and on the

mutual resistive coupling factor, but not on the mutual reactive
coupling factor. Thus, the substrate conductivity considerably
influences the total loss of the transformer. A highly structured
metal ground pattern may give a higher maximum available gain
than that of a transformer without any ground patters)( but
this effect is pronounced only at high frequencies. This limita-
tion is a result of the decrease in the quality factors of the trans-
former coils due to the ohmic losses in the coils and ground
pattern. Our detailed analysis of the sources of loss in an inte-
Fo 16 M 4 eauivalent seri . ‘ col § grated transformer on silicon, therefore, shows that,. and
i, 10, e edalent serie esiances of cols over rund PR bandwith can both be optimized by minimizing the ohric
without ground pattern included with computed eddy-current losses. losses in the coils by maximizing the mutual coupling between

the ports and by minimizing the losses in the silicon substrate.

Frequency (GHz)

Using the results obtained, we can estimate the ohmic shield
losses for the square coils comprising the transformers by ACKNOWLEDGMENT
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Fig. 15 shows the computed equivalent series resistance at-
tributed to eddy-current losB.-.4qy as a function of frequency
for the primary two-turn coil of the transformer over the pat-
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