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ROLLED-UP TRANSFORMER STRUCTURE 
FOR A RADIOFREQUENCY INTEGRATED 

CIRCUIT (RFIC) 

RELATED APPLICATIONS 

The present patent document claims the bene?t of priority 
under 35 U.S.C. 119(e) to US. Provisional Patent Applica 
tion Ser. No. 61/888,833, ?led on Oct. 9, 2013, to US. Pro 
visional Patent Application Ser. No. 61/818,689, ?led on May 
2, 2013, and to US. Provisional Patent Application Ser. No. 
61/712,360, ?led on Oct. 11, 2012, all of which are hereby 
incorporated by reference in their entirety. 

Also incorporated by reference in their entirety are the US. 
nonprovisional patent applications entitled “Rolled-up 
Inductor Structure for a Radiofrequency Integrated Circuit 
(RFIC),” and “Rolled-up Transmission Line Structure for a 
Radiofrequency Integrated Circuit (RFIC),” which have the 
same ?ling date, Oct. 10, 2013, as the present patent docu 
ment and which also claim priority to the above-mentioned 
provisional patent applications. 

FEDERALLY SPONSORED RESEARCH OR 
DEVELOPMENT 

This invention was made with government support under 
award numbers ECCS 0747178 and 1309375 from the 
National Science Foundation, DE-FG02-07ER46471 from 
the Department of Energy, and N000141110634 from the 
Of?ce of Naval Research. The government has certain rights 
in the invention. 

TECHNICAL FIELD 

The present disclosure is directed generally to on-chip 
device structures and more particularly to on-chip trans 
former structures for radiofrequency integrated circuits 
(RFICs). 

BACKGROUND 

On-chip transformers may be used in radiofrequency inte 
grated circuits (RFICs) for impedance matching, signal cou 
pling and phase splitting. Like traditional transformers, on 
chip transformers include a primary winding for the signal 
input and a secondary winding for the signal output. A vary 
ing current in the primary winding creates a varying magnetic 
?ux in the transformer’ s air core, and thus a varying magnetic 
?ux through the secondary winding. This varying magnetic 
?ux induces a varying electromotive force (EMF), or voltage 
in the secondary winding. This effect is called inductive cou 
pling. If a load is connected to the secondary winding, current 
will ?ow in this winding, and electrical energy will be trans 
ferred from the primary circuit through the transformer to the 
load. Transformers may be used for AC-to-AC conversion of 
a single power frequency or for conversion of signal power 
over a wide range of frequencies. For on-chip applications, it 
is advantageous to reduce the footprint of the transformer 
while achieving a desirable coupling coef?cient. 

BRIEF SUMMARY 

According to a ?rst embodiment, a rolled-up on-chip trans 
former structure for a radiofrequency integrated circuit 
(RFIC) comprises a multilayer sheet in a rolled con?guration 
comprising multiple turns about a longitudinal axis. The mul 
tilayer sheet comprises a conductive pattern layer on a strain 
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2 
relieved layer, where the conductive pattern layer comprises a 
?rst conductive ?lm and a second conductive ?lm separated 
from the ?rst conductive ?lm in a rolling direction. The ?rst 
conductive ?lm comprises an even number of primary con 
ductive strips, where each of the primary conductive strips 
has a length extending in the rolling direction, and the second 
conductive ?lm comprises an even number of secondary con 
ductive strips, where each of the secondary conductive strips 
has a length extending in the rolling direction. In the rolled 
con?guration, the primary conductive strips wrap around the 
longitudinal axis, and the secondary conductive strips wrap 
around the primary conductive strips. The primary conduc 
tive strips serve as a primary winding and the secondary 
conductive strips serve as a secondary winding of the rolled 
up transformer structure. 

According to a second embodiment, a rolled-up trans 
former structure for a RFIC comprises a multilayer sheet 
having a rolled con?guration comprising multiple turns about 
a longitudinal axis. The multilayer sheet comprises more than 
one conductive pattern layer on a strain-relieved layer, where 
the more than one conductive pattern layer comprises a ?rst 
conductive ?lm and a second conductive ?lm separated from 
the ?rst conductive ?lm in a thickness direction. The ?rst 
conductive ?lm comprises an even number of primary con 
ductive strips, where each primary conductive strip has a 
length extending in the rolling direction, and the second con 
ductive ?lm comprises an even number of secondary conduc 
tive strips, where each secondary conductive strip has a length 
extending in the rolling direction. In the rolled con?guration, 
turns of the primary conductive strips and turns of the sec 
ondary conductive strips wrap around the longitudinal axis, 
the primary conductive strips being a primary winding and 
the secondary conductive strips being a secondary winding of 
the rolled-up transformer structure. 
A method of making a rolled-up transformer structure for a 

radiofrequency integrated circuit includes forming a sacri? 
cial layer on a substrate and forming a strained layer on the 
sacri?cial layer, where the strained layer typically comprises 
an upper portion under tensile stress and a lower portion 
under compressive stress. The strained layer is held on the 
substrate by the sacri?cial layer. One or more conductive 
pattern layers are formed on the strained layer. The conduc 
tive pattern layer(s) may include a ?rst conductive ?lm sepa 
rated from a second conductive ?lm in a thickness direction or 
in a rolling direction. The ?rst conductive ?lm comprises an 
even number of primary conductive strips, where each pri 
mary conductive strip has a length extending in the rolling 
direction, and the second conductive ?lm comprising an even 
number of secondary conductive strips, where each second 
ary conductive strip has a length extending in the rolling 
direction. Removal of the sacri?cial layer from the substrate 
is initiated, thereby releasing an end of the strained layer, and 
removal of the sacri?cial layer is continued, thereby allowing 
the strained layer to move away from the substrate and roll up 
to relieve strain in the strained layer. The conductive pattern 
layer(s) adhere to the strained layer during the roll-up and a 
rolled-up transformer structure is formed, where, after the 
roll-up, turns of the primary conductive strips and turns of the 
secondary conductive strips wrap around the longitudinal 
axis. The primary conductive strips serve as a primary wind 
ing and the secondary conductive strips serve as a secondary 
winding of the rolled-up transformer structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A-1B show an exemplary strained bilayer compris 
ing a top sublayer in tension and a bottom sublayer in com 
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pression deposited on a sacri?cial layer on a substrate, and 
FIGS. 1C-1D show schematically the release and subsequent 
roll-up of the bilayer from the underlying sacri?cial layer. 

FIGS. 2A and 2B are scanning electron microscope (SEM) 
images showing respective top- and cross sectional-views of 
a rolled up SiNx sheet (membrane) including multiple turns 
with an inner diameter of 8.2 microns. 

FIG. 3A shows a planar multilayer sheet comprising a 
conductive pattern layer on a strained layer prior to rolling up, 
and FIG. 3B shows a schematic of a rolled-up transformer 
structure, according to a ?rst embodiment, that includes the 
conductive pattern layer illustrated in FIG. 3A. 

FIG. 4A shows a planar multilayer sheet comprising more 
than one conductive pattern layer on a strained layer prior to 
rolling up, where the second conductive pattern is above the 
?rst conductive pattern. 

FIG. 4B shows a schematic of a rolled-up transformer 
structure, according to a second embodiment, that includes 
the conductive pattern layers 120 illustrated in FIG. 4A. 

FIG. 4C shows a planar multilayer sheet comprising more 
than one conductive pattern layer on a strained layer prior to 
rolling up, where the ?rst conductive pattern is above the 
second conductive pattern. 

FIG. 5 shows an SEM image of a rolled-up (or microtube) 
transformer according to the ?rst embodiment. 

FIG. 6 is a plot of voltage gain and |S21| vs. frequency for 
exemplary rolled-up transformer samples A and B. 

FIG. 7 is a plot of voltage gain vs. frequency for exemplary 
rolled-up transformer samples A and B. 

FIGS. 8A-8F show exemplary processing steps to form a 
rolled-up device structure; and FIG. 8G illustrates the use of 
side support strips in fabrication. 

DETAILED DESCRIPTION 

Described herein are three-dimensional (3D) transformer 
structures formed in a self-rolling process that may have a 
greatly reduced on-chip footprint and signi?cant perfor 
mance improvement in RFICs. Such transformer structures 
have a carefully designed planar structure that is engineered 
to impart the desired dimensions and functionality upon roll 
up. 

FIGS. 1A-1D provide an introduction to the self-rolling 
concept. Rolled-up micro- and nanotubular device structures 
form spontaneously when strained planar sheets or mem 
branes deform as a consequence of energy relaxation. A 
strained membrane may include a conductive pattern layer on 
an oppositely strained bilayer 140 (e.g., a top layer 14011 in 
tension on a bottom layer 1401) in compression), which is in 
contact with a sacri?cial interlayer 145 on a substrate 150. 
The oppositely strained bilayer 140 may be released from the 
substrate 150 when the sacri?cial layer 145 is etched away. 
Once released, the opposing strain within the bilayer 140 
generates a net momentum, driving the planar membrane to 
scroll up and continue to roll into a tubular spiral structure 
100. The conductive pattern layer itself can also provide 
additional residual stress (e.g., tensile stress) to facilitate roll 
ing. The scanning electron microscope (SEM) images of 
FIGS. 2A and 2B show an exemplary strain-relieved sheet or 
membrane after self-rolling to an inner diameter of 8.2 
microns. The rolled-up sheet of this example comprises non 
stoichiometric silicon nitride (SiNx). 

FIG. 3A shows a planar multilayer sheet 105 comprising a 
conductive pattern layer 120 on a strained layer 125 prior to 
rolling up, and FIG. 3B shows a schematic of a rolled-up 
transformer structure 100 that includes the conductive pattern 
layer 120 of FIG. 3A after full or partial relaxation of the 
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4 
residual stress in the strained layer 125. Similarly, FIG. 4A 
shows a planar multilayer sheet 105 comprising more than 
one conductive pattern layer 120m,120n on a strained layer 
125 prior to rolling up, and FIG. 4B shows a schematic of a 
rolled-up transformer structure 200 that includes the conduc 
tive pattern layers 120m,120n of FIG. 4A after full or partial 
relaxation of the residual stress in the strained layer 125. 
Accordingly, after rolling, the strained layer 125 may be 
referred to as the strain-relieved layer 125. 

Referring again to FIGS. 3A and 3B, the rolled-up trans 
former structure 100 comprises a multilayer sheet 105 in a 
rolled con?guration 110 including multiple turns about a 
longitudinal axis 115. The multilayer sheet 105 comprises a 
conductive pattern layer 120 on a strain-relieved layer 125, 
where the conductive pattern layer 120 comprises a ?rst con 
ductive ?lm 120a and a second conductive ?lm 1201) sepa 
rated from the ?rst conductive ?lm 12011 in the rolling direc 
tion, or circumferential direction, as indicated by the arrows. 
The transformer design of FIGS. 3A and 3B may be referred 
to as a ?rst embodiment and/or a type I transformer. 
The ?rst conductive ?lm 120a comprises an even number 

(e.g., 2, 4, 6, 8, etc.) of primary conductive strips 155a, where 
each of the primary conductive strips 15511 has a length 
extending in the rolling direction. The length of each of the 
primary conductive strips 155a may be aligned substantially 
parallel to (e.g., within 11° of) the rolling direction. The 
primary conductive strips 15511 are positioned side-by-side; 
that is, they are disposed adjacent to each other in the direc 
tion of the longitudinal axis, and they may be interconnected. 
Each of the primary conductive strips 155a may have an 
elongated rectangular shape when the multilayer sheet 105 is 
in an unrolled con?guration, and a rolled-up elongated rect 
angular shape when the multilayer sheet 105 is in the rolled 
con?guration 110. 

Similarly, the second conductive ?lm 120!) comprises an 
even number of secondary conductive strips 155b, where 
each of the secondary conductive strips 155!) has a length 
extending in the rolling direction. The length of each of the 
secondary conductive strips 155!) may be aligned substan 
tially parallel to (e.g., within 11° of) the rolling direction. The 
secondary conductive strips 155!) are positioned side-by 
side; that is, they are disposed adjacent to each other in the 
direction of the longitudinal axis, and they may be intercon 
nected. Each of the secondary conductive strips 155!) may 
have an elongated rectangular shape when the multilayer 
sheet 105 is in an unrolled con?guration, and a rolled-up 
elongated rectangular shape when the multilayer sheet 105 is 
in the rolled con?guration 110. 

According to the ?rst embodiment, the primary and sec 
ondary conductive strips 155a,155b are separated from each 
other on the strain-relieved layer by a circumferential or roll 
ing distance g. The term “separated,” as used in the present 
disclosure, may refer to physical separation and/or to electri 
cal isolation. When the planar multilayer sheet 105 of FIG. 
3A is rolled up, the primary conductive strips 155a wrap 
around the longitudinal axis 115 and the secondary conduc 
tive strips 155!) wrap aron the primary conductive strips 
15511. The primary conductive strips 155a serve as a primary 
winding and the secondary conductive strips 155!) serve as a 
secondary winding of the rolled-up transformer structure 
1 00. Functionally, after rolling up, all of the primary windings 
may be contained within the secondary windings, in the ?rst 
embodiment. The primary conductive strips 155a and the 
secondary conductive strips 155!) may be partially or com 
pletely overlapped in the rolled con?guration. The underlying 
strain-relieved layer 125 may serve as an electrical isolation 
layer between turns of the primary and secondary conductive 
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strips 155a, 1551). The ?rst conductive ?lm 120a and the 
second conductive ?lm 120b, and thus the primary and sec 
ondary conductive strips 155a,155b, may be coaxial in the 
rolled con?guration 110. 

The circumferential distance gv separating the ?rst and 
second conductive strips on the strain-relieved layer is pref 
erably suf?ciently large so that the coupling capacitance CPS 
may be reduced. The distance gv may be at least about 30 
microns, at least about 50 microns, at least about 70 microns, 
or at least about 100 microns. However, a large circumferen 
tial distance gv may lead to an increased number of feed 
windings, and thus a compromise in the distance gv may be 
advantageous. Typically, the distance gv is no more than about 
200 microns, and gv may be no more than about 150 microns, 
or no more than about 100 microns. Also, it may be bene?cial 
to construct the rolled-up transformer without the feed wind 
ings. If, for example, the rolled-up transformer is integrated 
with other electronic devices, feed windings may not be nec 
essary. 

According to the second embodiment, the rolled-up trans 
former structure 200 comprises a multilayer sheet 105 in a 
rolled con?guration 110 including multiple turns about a 
longitudinal axis 115. The multilayer sheet 105 comprises 
more than one conductive pattern layer 120m,120n on a 
strain-relieved layer 125, where the conductive pattern layers 
120m,120n comprise a ?rst conductive ?lm 120a separated 
from a second conductive ?lm 1201) in a thickness direction, 
as shown schematically in FIG. 4A. The thickness direction 
may be understood to be normal to the strained or strain 
relieved layer 125. In this example, the second conductive 
?lm 1201) is disposed above the ?rst conductive ?lm 12011 on 
the strain-relieved layer 125, although it is also possible for 
the second conductive ?lm 1201) to be disposed below the ?rst 
conductive ?lm 12011 on the strain-relieved layer 125, as 
illustrated in FIG. 4C. An intermediate layer 190 comprising 
an insulating material may be disposed between the ?rst 
conductive ?lm 120a and the second conductive ?lm 12011. 
The transformer design of FIGS. 4A-4C may be referred to as 
the second embodiment and/or as a type II transformer. 

Referring to FIG. 4A, the ?rst conductive ?lm 120a com 
prises an even number (e.g., 2, 4, 6, 8, etc.) of primary con 
ductive strips 155a, where each of the primary conductive 
strips 15511 has a length extending in the rolling direction. The 
length of each of the primary conductive strips 155a may be 
aligned substantially parallel to (e.g., within 11° of) the roll 
ing direction. The primary conductive strips 15511 are posi 
tioned side-by-side; that is, they are disposed adjacent to each 
other in the direction of the longitudinal axis, and they may be 
interconnected. Each of the primary conductive strips 155a 
may have an elongated rectangular shape when the multilayer 
sheet 105 is in an unrolled con?guration, and a rolled-up 
elongated rectangular shape when the multilayer sheet 105 is 
in the rolled con?guration. 

Similarly, the second conductive ?lm 120!) comprises an 
even number of secondary conductive strips 155b, where 
each of the secondary conductive strips 155!) has a length 
extending in the rolling direction. The length of each of the 
secondary conductive strips 155!) may be aligned substan 
tially parallel to (e.g., within 11° of) the rolling direction. The 
secondary conductive strips 155!) are positioned side-by 
side; that is, they are disposed adjacent to each other in the 
direction of the longitudinal axis, and they may be intercon 
nected. Each of the secondary conductive strips 155!) may 
have an elongated rectangular shape when the multilayer 
sheet 105 is in an unrolled con?guration, and a rolled-up 
elongated rectangular shape when the multilayer sheet 105 is 
in the rolled con?guration. 
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6 
According to the second embodiment, the ?rst and second 

conductive ?lms 120a,120b, and thus the primary and sec 
ondary conductive strips 155a,155b, are separated from each 
other in the thickness direction. The separation distance, 
which may be from about 1 nm to about 1 micron, and is more 
typically from about 1 nm to about 300 nm or from about 10 
nm to about 100 nm, may be de?ned by the thickness of an 
intermediate layer between the ?rst and second conductive 
?lms. When the planar multilayer sheet 105 of FIG. 4A is 
rolled up, the ?rst conductive ?lm 120a and the second con 
ductive ?lm 1201) wrap aron the longitudinal axis 115, such 
that turns of the secondary conductive strips 155!) lie between 
turns of the primary conductive strips 15511, or such that turns 
of the primary conductive strips 155a lie between turns of the 
secondary conductive strips 15519. In either case, the primary 
conductive strips 155a and the secondary conductive strips 
155!) may be partially or completely overlapped in the rolled 
con?guration. The primary conductive strips 155a serve as a 
primary winding and the secondary conductive strips 155!) 
serve as a secondary winding of the rolled-up transformer 
structure 200. Functionally, after rolling up, the secondary 
winding may be contained within the primary winding in the 
second embodiment, as shown in FIGS. 4A and 4B. The 
underlying strain-relieved layer 125 and/ or the intermediate 
layer 190 may serve as an electrical isolation layer between 
turns of the primary and secondary conductive strips 155a, 
1551). The ?rst conductive ?lm 120a and the second conduc 
tive ?lm 120b, and thus the primary and secondary conduc 
tive strips 155a,155b, may be coaxial in the rolled con?gu 
ration 110. 
The number of turns completed by each of the primary and 

secondary conductive strips 155a,155b about the longitudinal 
axis 1154which in turn determines the number of rotations 
of the primary and secondary windingsiis a function of the 
respective lengths of the primary and secondary conductive 
strips 155a,155b. As shown in FIG. 3A and applicable to both 
the ?rst and second embodiments, the length ISP of the pri 
mary conductive strips 155a may be longer than the length 155 
of the secondary conductive strips 1551). Consequently, the 
primary conductive strips 155a may complete more turns 
about the longitudinal axis 115 than the secondary conductive 
strips 155b, such that the turn ratio of the primary to the 
secondary windings is greater than 1 (e.g., 2:1 or greater, 3:1 
or greater, up to 5:1). For a given turn ratio, it may be bene? 
cial in some cases to have a large number of turns for both the 
primary and secondary windings, such as when a high maxi 
mum gain is required in the low frequency band and low 
off-state power consumption is desired. For example, to 
achieve a 2: 1 turn ratio, it may be preferred to have at 40 turns 
of the primary windings and 20 turns of the secondary wind 
ings over the simplest case of 2 turns to 1 turn. It is also 
contemplated that the primary conductive strips and the sec 
ondary conductive strips may have the same length (turn ratio 
equal to 1), or, in some embodiments, the secondary conduc 
tive strips 155!) may be longer than the primary conductive 
strips 155a (turn ratio of less than 1), as illustrated in FIG. 4C. 
Generally speaking, the primary conductive strips 155a may 
complete from 1 to 100 turns about the longitudinal axis 115, 
for example, at least 10 turns, at least 20 turns, at least 30 
turns, at least 40 turns, or at least 50 turns, and typically no 
more than 100 turns. The secondary conductive strips 155!) 
may complete from 1 to 100 turns about the longitudinal axis 
115, for example, at least 5 turns, at least 10 turns, at least 15 
turns, at least 20 turns, or at least 25 turns, and typically no 
more than 100 turns, or no more than 50 turns. 

Referring again to FIG. 3A, and applicable to both the ?rst 
and second embodiments, the length of the primary conduc 
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tive strips 155a 15p may be at least about 20 microns, at least 
about 40 microns, at least about 60 microns, at least about 80 
microns, or at least about 100 microns. Typically, ISP is no 
greater than about 2 mm, no greater than 1 mm, no greater 
than about 500 microns, or no greater than about 200 microns. 
For example, ISP may range from about 50 microns to about 
150 microns, or from about 70 microns to about 100 microns. 
The length of the secondary conductive strips 155 may be at 
least about 5 microns, at least about 10 microns, at least about 
15 microns, at least about 20 microns, or at least about 50 
microns. Typically, 155 is no greater than about 2 mm, no 
greater than 1 mm, no greater than about 500 microns, no 
greater than about 200 microns, no greater than about 100 
microns, no greater than about 50 microns, or no greater than 
about 30 microns. For example, 155 may range from about 10 
microns to about 20 microns. The primary conductive strips 
have a width wsp and the secondary conductive strips have a 
width wss, where wsp and Wm typically have values from about 
5 microns to about 25 microns. The widths wsp and wss of each 
of the primary and secondary conductive strips 155a,155b 
may be the same so that the primary and secondary windings 
of the rolled-up transformer structure overlap. For this reason, 
the spacing between the ?rst conductive strips 155a and the 
spacing between the second conductive strips 155b, as dis 
cussed below, may also be the same. 

Also in both the ?rst and second embodiments, the primary 
conductive strips 155a may be connected by a ?rst connecting 
line 16011, which may have a length lcp extending in a direc 
tion of the longitudinal axis. Accordingly, the length lcp of the 
?rst connecting line 160a may de?ne the spacing between the 
primary conductive strips 15511. The length lcp of the ?rst 
connecting line 160a, and/ or the spacing between the primary 
conductive strips 155a, typically lies in the range of from 
about 5 microns to about 25 microns, or from about 10 
microns to about 20 microns. The ?rst connecting line 16011 
has a width wcp that may lie in the range of from about 1 
micron to about 10 microns. The width of the connecting lines 
160a affects their electrical resistance and inductance. If the 
width is chosen to be too large, it may introduce a large 
capacitance; however, if the width is too small, it may intro 
duce a large resistance. As shown in FIGS. 3A and 4A, the 
?rst connecting line 160a may extend along a ?rst edge 130 of 
the multilayer sheet 105, and a ?rst turn of the rolled con?gu 
ration 110 that includes the ?rst edge 130 of the sheet may 
thus include the ?rst connecting line 1 60a. The ?rst turn of the 
rolled con?guration 115 may de?ne a hollow cylindrical core 
135 of the rolled-up transformer structure 100. 

Still referring to FIGS. 3A and 4A, the secondary conduc 
tive strips 155!) may be connected by a second connecting line 
160b, which may have a length ICS extending in a direction of 
the longitudinal axis 115. Accordingly, the length lcs of the 
second connecting line 1601) may de?ne the spacing between 
the secondary conductive strips 15519. The length lcp of the 
second connecting line 160b, and/ or the spacing between the 
secondary conductive strips 155b, typically lies in the range 
of from about 5 microns to about 25 microns, or from about 10 
microns to about 20 microns. The second connecting line 
1601) has a width wcs that may lie in the range of from about 
1 micron to about 10 microns. As noted above, the width of 
the connecting lines 1601) affects their electrical resistance 
and inductance. If the width is chosen to be too large, it may 
introduce a large capacitance; however, if the width is too 
small, it may introduce a large resistance. 

In the ?rst embodiment shown in FIGS. 3A and 3B, the ?rst 
conductive ?lm 120a may further include two conductive 
feed lines 165 connected to end portions thereof. The con 
ductive feed lines 165 may extend away from the primary 
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8 
conductive strips 15511 in the rolling or circumferential direc 
tion, as shown in the ?gures. Alternatively, the conductive 
feed lines 165 may extend away from the primary conductive 
strips 15511 in another direction(s), such as in the same or 
opposing directions substantially parallel to (e. g., within 11° 
of) the longitudinal axis 115 of the rolled structure 100. The 
main function of the conductive feed lines 165 is to lead the 
signal in and out of the primary windings. After rolling up, the 
conductive feed lines 165 form conductive feed windings that 
may contribute to the signal transforming; however, they may 
also reduce the overall coupling coef?cient. Accordingly, in 
some cases, conductive feed lines may not be part of the rolled 
structure, as is the case in the second embodiment of FIG. 4B, 
although conductive feed lines 165 may be present on the 
substrate 170 to contact the primary conductive strips 15511. 
Also, if the transformer of the ?rst embodiment is integrated 
with other passive and/or active components on a chip, then it 
may be possible to feed the signal into the primary winding 
directly from another component(s), and conductive feed 
lines may not be needed. When conductive feed lines are 
present, they may be integrally formed with the ?rst conduc 
tive ?lm 120a and/or second conductive ?lm 1201) during 
fabrication (e.g., thin ?lm deposition and patterning). 
As shown in FIG. 4A, the conductive pattern layer(s) 

120m,120n may further include support ?lm strips 195 posi 
tioned outside the conductive strips 155 on the strained layer 
125 to facilitate an even rolling process. This may be particu 
larly advantageous when the length of the conductive strips 
155 is long and the rolled con?guration 110 includes a large 
number of turns. The support ?lm strips 195 corresponding to 
a given conductive pattern layer 120m,120n may have the 
same thickness as the conductive strips 155a,155b of that 
layer. 
The strain-relieved layer 125 that underlies the conductive 

pattern layer(s) 120m, 12011 may comprise one or more sub 
layers that are at least partially relieved of lattice strain as a 
consequence of rolling. The multilayer sheet comprising the 
strain-relieved layer includes less lattice strain (or no lattice 
strain) in the rolled con?guration than in an unrolled or planar 
con?guration. Accordingly, the one or more sublayers that are 
referred to as a strain-relieved layer in the rolled con?guration 
may be referred to as a strained layer in the unrolled con?gu 
ration. 

In the example of FIGS. 1A-1D, the strain-relieved layer 
(and the strained layer) may comprise two sublayers, which 
may be referred to as a bilayer. Speci?cally, the strained layer 
or bilayer 140 may comprise a top sublayer 14011 in tension 
and a bottom sublayer 14019 in compression to facilitate the 
rolling up shown schematically in FIGS. 1C-1D. The bilayer 
140 may thus be referred to as an oppositely strained bilayer. 
The strain-relieved layer and the strained layer may comprise 
a single crystalline, polycrystalline or amorphous material. 
The strain-relieved and strained layer may comprise an 

electrically insulating material such as silicon nitride, silicon 
oxide, or boron nitride. For example, the layer may comprise 
non-stoichiometric silicon nitride (SiNx, where x may have a 
value from about 0.5 to about 1.5), which may be amorphous, 
or stoichiometric silicon nitride (e. g., Si3N4, Si2N, SiN or 
Si2N3). The layer may also or alternatively include another 
material, such as an elemental or compound semiconducting 
material or a polymer. For example, single crystal ?lms such 
as lnAs/GaAs, lnGaAs/GaAs, lnGaAsP/lnGaAsP, Si4Ge/ Si 
may be used as the strained layer. 

Typically, the strained layer has a thickness of from about 
2 nm to about 200 nm; however, in some embodiments (e. g., 
in which single crystals are used), the thicknesses may be 
about 1 nm or less, down to a few monolayers or to one 
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monolayer. Generally, the thickness is at least about 5 nm, at 
least about 10 nm, at least about 20 nm, at least about 30 nm, 
at least about 40 nm, or at least about 50 nm. The thickness 
may also be no more than about 200 nm, no more than about 
150 nm, no more than about 100 nm, no more than about 80 
nm, no more than about 60 nm, or no more than about 40 nm. 
When a large number of turns is required and the strained 
layer includes two oppositely strained sublayers (a bilayer), it 
may be advantageous for the sublayers to have the same 
thickness. 

The strain in the strained layer may be introduced by com 
positional or structural differences between sublayers that are 
successively deposited (e.g., by chemical vapor deposition) 
so as to be in contact with each other. For example, adjacent 
contacting sublayers (e. g., top and bottom sublayers) may be 
formed with different lattice parameters and/ or with different 
stoichiometries. To facilitate rolling up upon release from an 
underlying sacri?cial layer 145 deposited on a substrate 150, 
the top sublayer 140a may may have a smaller lattice param 
eter than the bottom sublayer 140b, as shown schematically in 
FIG. 1A. In such a circumstance, the top sublayer 140a com 
prises a residual tensile stress, and the bottom sublayer 140!) 
comprises a residual compressive stress. The residual stress 
pro?le in the sublayers 140a,140b may be reversed (compres 
sive on top; tensile on bottom) in order to having the rolling 
proceed downward, instead of upward, which is possible for 
any of the embodiments described herein. It is also possible 
that a single layer may be formed with appropriate composi 
tional and/or structural gradients across the layer to produce 
the desired stress pro?le in the strained layer. SiN,C ?lms 
deposited by PECVD differ from single crystal ?lms in that 
internal strain may not be developed by crystal lattice mis 
match but rather by density differences and thermal mismatch 
achieved by appropriate deposition conditions. 

It has been demonstrated experimentally that thin ?lms 
deposited by different methods or under different conditions 
may provide a strained layer having adjustable values of 
residual stress in a wide range, such as from 478 to —1100 
MPa for silicon nitride (SiNx) and from greater than 1000 
MPa to less than —1000 MPa for metal thin ?lms on SiO2, 
where positive values of residual stress correspond to tensile 
stresses, and negative values correspond to compressive 
stresses. By carefully designing the residual stress mismatch 
in each sublayer, it is possible to generate a large enough 
driving force to overcome resistance and to continue rolling 
over a long enough distance to form as many turns as needed. 
To create a higher residual stress mismatch during deposition 
of the strained SiN,C layers, for example, and thus a smaller 
tube diameter, the PECVD environment may be changed by 
adjusting a ratio of the SiH4 ?ow rate to the NH3 ?ow rate or 
by optimiZing the power of the RF source. As long as the thin 
sheet or membrane is strained and can be released from the 
underlying substrate, rolled-up 3D architectures may form 
spontaneously with simple planar processing. The concept 
has been demonstrated for compound and elemental semi 
conductor material systems as well metal and dielectric mate 
rials, including silicon nitride. 

The conductive pattern layer(s) may comprise one or more 
high conductivity materials selected from the group consist 
ing of carbon, silver, gold, aluminum, copper, molybdenum, 
tungsten, Zinc, palladium, platinum and nickel. For example, 
graphene and/ or metallic dichalcogenides such as MoSz, 
MoSeZ, WS2 and WSe2 may be suitable. The conductive pat 
tern layer(s) may be formed by depositing one or more high 
conductivity thin ?lms on a substrate (e.g., a planar strained 
layer) by a method such as sputtering or evaporation, and then 
patterning the thin ?lms using lithography and etching steps 
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10 
known in the art to create a conductive pattern. As noted 
above, the conductive pattern layer(s) may include additional 
tensile strain to facilitate rolling when the sacri?cial layer is 
removed. Advantageously, the conductive pattern layer(s) 
may be made as thick and smooth as possible to reduce the 
thin ?lm or sheet resistivity without interfering with the roll 
ing process. The sheet resistivity of the conductive pattern 
layer(s) may have a signi?cant impact on the performance 
and size of the rolled-up structure and is kept as low as 
possible. For example, the sheet resistivity may be about 5 
uohm~cm or less. 
The conductive pattern layer(s) may have a multilayer 

structure, such as a NiiAuiNi trilayer structure. In such 
cases, the bottom layer may act as an adhesion layer, the 
middle layer may act as a conductive layer, and the top layer 
may act as a passivation/protection layer. Typically, adhesion 
and passivation layers have a thickness of from about 5-10 
nm. As described above, the conductive pattern layer(s) may 
include a ?rst conductive ?lm separated from a second con 
ductive ?lm on the strain-relieved layer in a thickness direc 
tion or in a rolling direction. In addition, each of the ?rst and 
second conductive ?lms may have a different thickness and/ 
or include one or more different high conductivity materials. 

It is also contemplated that the conductive pattern layer(s) 
may comprise a two-dimensional material, such as graphene 
ortransitionmetal dichalcogenides, e.g., MoS2 MoSeZ, WSe2 
and/or WSZ. Such two-dimensional materials can be viewed 
as free-standing atomic planes comprising just a single mono 
layer or a few monolayers of atoms. For example, the con 
ductive pattern layer may comprise a few monolayers of 
graphene formed on a strained SiN,C bilayer, or a single mono 
layer of graphene may be formed on hexagonal boron nitride, 
which may replace the strained SiN,C bilayer. It is also con 
templated that the conductive pattern layer may comprise 
carbon nanotubes (in the form of bundles or an array) that 
may be grown on, for example, a quartz substrate and then 
transferred to a strained SiNx bilayer for roll-up. 

Typically, the conductive pattern layer(s) may have a thick 
ness of at least about 5 nm, at least about 10 nm, at least about 
20 nm, at least about 50 nm, at least about 70 nm, or at least 
about 90 nm. The thickness may also be about 200 nm or less, 
about 150 nm or less, or about 100 nm or less. For example, 
the thickness may range from about 10 nm to about 100 nm, 
or from about 20 nm to about 80 nm. However, in some 
embodiments, such as those in which the conductive pattern 
layer comprises a two-dimensional material as discussed 
above, the thickness may be about 1 nm or less, down to a few 
monolayers or to one monolayer. 
The sacri?cial layer may comprise a material that can be 

etched without removing or otherwise damaging the strained 
layer. For example, single crystalline and/or polycrystalline 
Ge, Ger, Si, and AIAs, as well as photoresist, may be used 
as a sacri?cial layer. In one example, a strained bilayer com 
prising InAs/GaAs may be formed on a sacri?cial layer com 
prising AIAs that may be etched away with hydro?uoric acid 
(HP). 
The intermediate layer 190 that may be present in the 

second embodiment may comprise a low permittivity mate 
rial such as silicon dioxide and/or another material such as 

carbon-doped SiO2 (black diamond), SiLK, or nanoglass. 
The intermediate layer may have a thickness of from about 1 
nm to about 200 nm, or from about 1 nm to about 100 nm, or 
from about 10 nm to about 50 nm. 
The rolled con?guration of the multilayer sheet has a 

length along the longitudinal axis that may depend on the 
design of the conductive pattern layer (e.g., the number and 
dimensions of the conductive strips and the presence of side 
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support ?lm strips). Typically, the length is at least about at 
least about 50 microns, at least about 100 microns, at least 
about 300 microns, at least about 500 microns, at least about 
800 microns, or at least about 1000 microns, and the length 
may also be about 3000 microns or less, about 2000 microns 
or less, or about 1000 microns or less. For example, the length 
may range from about 300 microns to about 3000 microns, or 
from about 500 microns to about 2000 microns, or from about 
500 microns to about 1000 microns. 
The inner diameter of the rolled con?guration depends on 

the thickness of the multilayer sheet as well as the amount of 
strain in the unrolled strained layer prior to release of the 
sacri?cial layer. A thicker multilayer sheet may tend to roll to 
a larger inner diameter; however, a higher level of strain in the 
strained layer can offset this effect, since the inner diameter 
(D) of the rolled con?guration is proportional to the thickness 
(t) of the multilayer sheet and is inversely proportional to the 
amount of strain (E) therein (DMt/E). In addition, the rolled 
con?guration of the multilayer sheet may have a diameter 
(inner diameter) of from about 1 micron to about 50 microns, 
from about 10 microns to about 30 microns, or from about 3 
microns to about 8 microns. Typically, the inner diameter of 
the rolled con?guration is no more than about 50 microns, no 
more than about 30 microns, no more than about 20 microns, 
or no more than about 10 microns. The inner diameter may 
also be at least about 1 micron, at least about 4 microns, or at 
least about 8 microns. However, in some cases, such as when 
a few monolayers or just a single monolayer of a two-dimen 
sional material is employed as the conductive ?lm, and/or 
when the strained layer comprises single crystal ?lms, the 
inner diameter of the rolled con?guration may be signi? 
cantly smaller due to the reduced sheet thickness. For 
example, the inner diameter may be no more than 100 nm, no 
more than 40 nm, no more than 10 nm, or no more than 5 nm, 
and typically the inner diameter is at least about 1 nm. 

To maximize the performance of the rolled-up transformer 
structures, it may be advantageous to maximize the ratio of 
the thickness of the conductive pattern layer (e. g., the thick 
ness of the conductive strips) to the inner diameter of the 
rolled con?guration. For example, the ratio may be about 
0.005 or greater, about 0.007 or greater, about 0.01 or greater, 
or about 0.015 or greater. The ratio is typically about 0.03 or 
less, or about 0.02 or less. In one example, a ratio of0.01 can 
be calculated for a conductive pattern layer thickness of 100 
nm (0.1 micron) and a rolled con?guration diameter of 10 
microns. 

Depending on (a) the length of the multilayer sheet in the 
rolling or circumferential direction, (b) the thickness t of the 
multilayer sheet, and (c) the amount of strain E in the multi 
layer sheet prior to rolling, the rolled con?guration may 
include at least about 5 turns, at least about 10 turns, at least 
about 20 turns, at least about 40 turns, at least about 60 turns, 
or at least about 80 turns. Typically, the rolled con?guration 
includes no more than about 120 turns, or no more than about 

100 turns. For example, the number of turns may range from 
about 20 turns to about 80 turns, or from about 40 turns to 
about 60 turns. The number of turns can be in?uenced by the 
size (e.g., length and thickness) and shape of the multilayer 
sheet before rolling up. 

To reduce the total resistance of the tube transformers and 
increase the maximum power gain in the low frequency band, 
thicker conductive strips and more turns in the rolled con?gu 
ration may be bene?cial. Recent experiments on the type II 
transformer structure show that 40 to 50 turns (or more) may 
be achieved from a multilayer sheet of 700 nm in total thick 
ness that includes two primary and two secondary conductive 
strips on a SiN,C bilayer structure. 
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12 
An inherent advantage of the rolled-up transformer struc 

ture is a small on-wafer footprint compared to alternative 
planar transformer geometries. On-wafer footprints (areas) of 
less than 3000 um2 and even less than 1000 um2 have been 
demonstrated for rolled-up device structures. In general, the 
approach described herein is useful for making rolled-up 
transformer structures having a footprint of about 10,000 m2 
or less, about 5000 um2 or less, or about 3000 um2 or less, 
about 1000 pm2 or less, about 500 m2 or less, or about 300 
um2 or less. The footprint is typically at least about 100 umZ, 
or at least about 200 umz. 
The device designs described herein may greatly reduce 

the footprint of on-chip transformers, the related substrate 
loss and substrate parasitic capacitance. An ideal coupling 
coel?cient (kmzl) may be achieved between the (center) pri 
mary and secondary windings in the type I design (?rst 
embodiment) and the primary and secondary windings in the 
type II design (second embodiment). The self-rolled-up 
microtube transformer designs can yield a dramatic reduction 
(over 12 times) in footprint and signi?cant performance 
improvement, including a high turn ratio 11 with a high cou 
pling coef?cient km (type I) or kmzl (type II), high primary 
and secondary inductance area density, wide working fre 
quency band, high area density of the product of n and km, and 
extremely low leakage inductance (type II). 

To better illustrate the function of the rolled-up transformer 
to transform voltage, a voltage gain Gv may be de?ned as the 
ratio of the induced voltage in the primary winding (V P) to the 
secondary voltage (VS). The frequency response of Gv can be 
discussed in three different frequency bandsilow frequency 
band, middle frequency band and high frequency band. FIG. 
6 shows a measured curve between Gv and frequency of an 
exemplary type I transformer sample (“A”) from 1 GHz to 40 
GHz. The planar dimensions of exemplary samples A and B 
are shown in Table I. Any of the provided dimensions for 
these exemplary structures may be varied within :100%, 
170%, 150%, 130%, 120%, or 110% in forming other trans 
former structures having suitable planar dimensions. 

In this particular example, the low frequency band is from 
1 GHz to 15 GHz. In this frequency band, signals may go to 
ground through the mutual induction until the working fre 
quency is high enough to prevent ground shorting. By 
increasing the coupling coel?cient and/or the inductances of 
the primary and secondary windings, it may be possible to 
achieve a larger mutual inductance and the frequency may be 
narrowed to lower frequency band. The middle frequency 
band shows a steady Gv; the loss apparent in |S21| is due to the 
primary and secondary leakage inductances and ohmic 
losses. It sample A were tested to a higher frequency, |S21| 
would resonant at a certain frequency point due to overlap 
capacitance between the primary and secondary windings. 
Reducing the overlap capacitance and/ or the primary and 
secondary leakage inductances can push the resonant fre 
quency point up to higher frequency band, which could widen 
the working frequency band of the tube transformer. 

TABLE I 

Planar dimensions of exemplary transformer samples A and B 

Salnpl@# LP (in) 1.501111) ngn) glwm) WSP (in) W” (11111) 

A 86 30 so 5 15 15 
B 86 30 60 5 15 15 

581111116 # ICP (11111) IS. (in) WCP (1m) WES (11m) WW (11m) 

A 15 15 5 5 5 
B 15 15 5 5 5 
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