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Abstract

Abstract

Fully-depleted SOI MOSFETs with junction-isolated backgate electrodes formed by implanting
boron through the silicon film and buried oxide into lightly-doped n-type SIMOX substrates have
been studied experimentally and through numerical device simulation. By biasing the backgate
electrode, it is possible to adjust the MOSFET threshold voltage V,;,. The useful range of V,, ad-
justment is shown to be approximately + 200 mV for typical structures, irrespective of silicon film
or buried oxide thickness, and is limited primarily by accumulation or inversion of the back surface
of the silicon film for extreme values of backgate bias. A secondary limitation on Vy;, adjustment
range results from enhancement of short-channel effects when the silicon film back surface begins
to weakly invert. A complete dynamic Vy, control system using charge pumping to supply bias to
the back—gat.e electrode has been designed and laid out. SOISPICE simulation of the extracted lay-
out predicts that the system can return V, for n-channel MOSFETS to a nominal value of 200 mV
even if Vy, initially deviates by up to +300 mV from this target. Similar results apply to p-channel
devices. The layouts have been submitted for processing in Carleton’s Microelectronics Fabrica-

tion Facility.
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Chapter 1: Introduction

CHAPTER 1

Introduction

Low voltage CMOS has found wide application in the microelectronics industry. The new technol-
ogy of Fully-Depleted Silicon On Insulator (FD-SOI) MOSFET is shown in many respects to be
ideal for | Volt power supply operation. Firstly, in this technology the source-drain junction leak-
age current in SOI-MOSFET: is eliminated. Secondly, since the capacitance between the source
and drain junctions and the substrate is greatly reduced, the energy dissipated during switching is
substantially decreased. Finally, FD-SOI MOSFETs have subthreshold swing (S) close to the the-
oretical minimum of 60 mV/decade at room temperature, Thus the threshold voltage (V) can be

reduced without introducing excessive channel leakage.

The threshold voltage V;, of a SOI-MOSFET is critical to the performance of the device. However,
due to variations in temperature or process parameters, the threshold voltage Vy; may fluctuate by
as much as +300 mV from its desired value, which is ~ 200 mV in a low voltage FD-SOI integrated

circuit. Dynamic control of the threshold voltage is thus highly desirable.

Dynamical control of Vy, has been used for many years in bulk CMOS. Burr et al. [1] proposed a
novel approach to low-power bulk CMOS in which threshold voltages are controlled dynamically
by applying a back-gate bias to the wells in which the MOSFETs are built. Yang et al. [2][3] ex-
tended this technique to fully-depleted SOl CMOS by placing an oxide-isolated back-gate electrode
beneath the channel. However, this structure is based on complex wafer bonding and etch-back

techniques and appears to be difficult to manufacture. Chang et al. [4] used epitaxial lateral over-

0ttt e ]
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Chapter 1: Introduction

growth (ELO) onto SOI islands to fabricate fully depleted dual-gated (DG) thin film SOI-
MOSFETs. This allows independent operation of both top-gate and back-gate electrodes, and
leaves the back-gate buried and totally isolated from all other devices. This also provides a method
to control the threshold voltage of the MOSFET with a bias on the backgate (Vg p,ci) for fully de-
pleted devices. Recently, it has been shown that by constructing a junction-isolated implanted back-
gate electrode under the buried oxide, the threshold voltage V4, can also be dynamically controlled
[51[6]. The implanted back-gate structure is far simpler to manufacture than the alternatives men-

tioned above.

This thesis describes SUPREMS3 simulation and measurements on experimental devices fabricated
in earlier work to investigate the range of threshold voltage control which can be achieved with the
implanted back-gate structure. The scalability of the structure from the 1 um technology generation
to the 0.25 ym generation is also considered using numerical simulations. The thesis goes on to de-
scribe the design and simulation of a dynamic threshold voltage control system for FD-SOI
MOSFETs using the implanted back-gate structure. The system includes a decision circuit which
determines whether the threshold voltage lies within an acceptable range, and charge pump circuits
which supply positive or negative bias to the back-gate for restoration of V, to the desired value.
The charge pumps can produce voltages much larger than the supply voltage, an important feature
if the control system is to operate from 1 V supplies. The control system operation is studied
through SOISPICE simulation, and complete layouts for n- and p-channel MOSFETS are given.

These layouts have been submitted to Carleton’s Microelectronics Fabrication Facility for process-

ing.
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The thesis is organized as follows. Chapter 2 reviews the background of low power CMOS and
SOI-MOSFET, its threshold voltage and usefuiness in low voltage circuits. Chapter 3 discussed the
device simulating results. The circuit description and simulation results are presented in Chapter 4
where the choice of the charge pump circuit is discussed. Also in Chapter 4 the device layout and
fabrication is briefly discussed. Chapter S presents the device electrical characterization results fol-
low by the discussion. At last, Chapter 6 presents the conclusions as well as suggestions for further

study.
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CHAPTER 2
Background

The development of low power electronics has been motivated by three reasonably distinct require-
ments.The earliest and most demanding of these is for portable battery operated equipment that is
sufficiently small in size and weight and long on operating life to satisfy the user. The ever increas-
ing packing density in ULSI chips required to enhance the speed of high performance systems, im-
poses severe restrictions on power dissipation density. The broadest requirement is for conservation
of power in desk-top and desk-side systems where a competitive life cycle cost-to-performance ra-

tio dermands low power operation to reduce power supply and cooling costs.

There are two main reasons for interest in low voltage VLSI CMOS. One reason is to reduce the
electric field inside MOSFETS and to maintain high reliability with scaled down devices. The other
reason is to reduce the power consumption, which is proportional to Vpp?Z. It has been clarified in
Kakumu'’s work [7] that reduction of the threshold voitage and junction capacitance are key issues
for low voltage operation of CMOS device. Kakumu also investigated the optimum power-supply
voltage for CMOS devices. The upper limit of power-supply voltage is determined by both relia-
bility and power dissipation problems. He showed that the upper limit is proportional to L2 for
reliability considerations and proportional to L3 for the power dissipation case, where L is the
channel length. The lower limit is determined by the circuit performance point due to the monotonic
decrease of the delay time as the power-supply voltage increases. Even if power supply voltage
greater than a critical voltage V- is applied, the improvement in the delay time is not significant.

Thus this V- value is regarded as the lower limit of the power-supply voltage for CMOS devices:

L
4




Chapter 2: Background
e
VC = 0.87 - EC . Leff+ V!fl (2.1)

where Ec is the critical electric field at which carrier velocity is saturated and Lgis the effective
channel length of the transistor. An optimum power-supply voltage is therefore chosen considering

the long-term device reliability, power dissipation and circuit performance.

Subthreshold leakage plays an important role in determining the power supply and threshold volt-
ages in MOS circuits. The subthreshold slope of a MOS device is a figure of merit that describes
the gate voltage swing required to change the drain current by one order of magnitude. Specifically,
S= AV/ Alog,lp.- If, for example, we have a device with a subthreshold swing of 90 mV/decade
and the stand-by current is to be 107 times the current at threshold, then the threshold voltage of
the transistor must be at least 0.63 volts. By definition, the subthreshold slope is measured below
the threshold voltage of the particular device when the semiconductor surface is in a state of weak

inversion. For a bulk device, the subthreshold slope is given by:

5= (F)alo-(1+22) =

where Cp, is the depletion capacitance in the silicon at the onset of weak inversion. The subthresh-
old characteristics of a partially depleted thin film transistor will be similar to those of a bulk device
because the maximum depletion capacitance associated with the surface potential will be supported
by the silicon film. A thin film fully depleted transistor can, however, offer a significant reduction

in S.

It has been shown that as the threshold voltage approaches one half of Vpp, the gate delay increases

rapidly due to drastic reduction of the MOSFET"s current. As a result, the threshold voltage should
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be less than 20% of power supply voltage, in order to maintain acceptable circuit performance even
at reduced power supply voltage. The subthreshold leakage current when gate bias is less than the
threshold voltage is defined as the drain current at V=0 (Fig. 2.1). When the threshold voltage is
lowered as far as possible, to improve circuit performance, the leakage current is inevitably in-
creased. This is because it is difficult to improve the subthreshold slope by adjusting device param-
eters only. However, if the threshold voltage cannot be reduced in the future MOS device, then the
upper limit of the power-supply voltage cannot be reduced. Finally, The threshold voltage will be-
come higher than the lower limit of power-supply voltage. Therefore, a steeper subthreshold slope
is required for the reduction of the lower voltage limit in order to keep the same subthreshold leak-
age.

log ID

A

Channel leakage g,

Fig. 2.1 A diagram that displays the subthreshold leakage current.

Parasitic capacitance such as junction capacitance, gate capacitance and wiring capacitance play an
important role in the performance of bulk CMOS. The junction capacitance is inversely proportion-
al to the square root of the drain voltage, while the gate capacitance and the wiring capacitance are
independent of operating voltage. Therefore, the junction capacitance increases as operating volt-

age is decreased. Since the junction capacitance may become the dominant factor as the power sup-

e —————————— ]
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Chapter 2: Background

ply voltage is reduced, reduction of the junction capacitance is a key issue for achieving high circuit

performance at low-voltage operation.

Silicon on insulator (SOI) CMOS technology, discussed in the next section, offers a means of re-

ducing both parasitic capacitance and subthreshold swing.

2¢1 SOI-MOSFET

The SOl MOSFET can provide steep subthreshold characteristics and a drastic decrease in the
source-drain capacitance and thus high speed capability in addition to complete latch-up suppres-
sion, and radiation hardness. SOI CMOS can also provide much closer packing of p- and n-transis-

tors by eliminating the need to grow a thick field oxide.

It is also reported [8] that very thin film SOI technology shows very attractive MOSFET character-
istics such as very steep subthreshold characteristics, better short channel effect and high carrier
mobility owing to low transverse electric field. In the fully depleted MOSFET in the SOI structure,
the depletion layer reaches the SiO, substrate interface, and thus the differential depletion capaci-
tance Cp vanishes. As a resuit, the subthreshold swing approaches the theoretical limit, 60 mV/dec-
ade at room temperature, which enables a lower threshold voltage to be used. In addition, the large
reduction of junction capacitance leads to improved circuit performance and a very low power-de-

lay product, which should be superior to those of bulk-CMOS devices.

In the SOI process a thin layer of single-crystal silicon film is formed on an insulating layer of SiO,
that has been in tum grown on silicon. The idea is based on the use of an inexpensive and readily

e R
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Chapter 2: Background

available substrate. Various masking and doping techniques are then used to form p-channel and n-

channel devices. Several techniques such as Separation by IMplanted Oxygen (SIMOX) [9], Zone

Melt Recrystallization (ZMR) [10], epitaxial/polishing process [11] and bonding wafer [12] are

available, all providing a good quality SOI wafer with mobility comparable to that of bulk CMOS.

SIMOX is currently the most commonly used technique for SOI substrate preparation.

The steps used in typical SOI-CMOS process are as follows:

A thin film (< 100 nm) of very lightly-doped Si is formed over an insulator.

Device wells are formed by mesa etching or by a LOCOS process in which the silicon film in
the field region is completely consumed.

The p-islands are formed next by Boron implantation through a photoresist mask. The p-islands
will contain the n-channel devices.

The p-islands are then covered with a photoresist and an n-type dopant--Phosphorus, for exam-
ple, is implanted to form n-islands which will contain the p-channel devices.

A thin gate oxide is grown.

A polysilicon film is deposited over the oxide. In modern SOI technology, poly is usually un-
doped.

The polysilicon film is then patterned by photomasking and is etched. This defines the critical
polysilicon gate layer in the structure.

The next step is to form the n-doped source and drain of the n-channel devices in the p-islands.
The n-islands are covered with photoresist and an n-type dopant, normally arsenic, is implanted.
The dopant will be blocked at the n-islands by the photoresist, and it will be blocked from the

gate region of the p-islands by the polysilicon. After this step the n-channel devices are com-
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plete.

e The p-channel devices are formed next by masking the p-islands and implanting a p-type dopant
such as boron. The polysilicon over the gate of the n-islands will block the dopant from the gate,
thus forming the p-channel devices.

* A layer of borophosphosilicate glass is the deposited over the entire structure.

* The glass is etched at contact-cut locations. The metallization layer is formed next by evaporat-
ing aluminium over the entire surface and etching it to leave only the desired metal wires. The
aluminium will flow through the contact cuts to make contact with the diffusion or polysilicon
regions.

A final passivation layer of phosphorus glass is deposited and windows are etched through this lay-

er over the bonding pads.

Although SOI devices have a number of advantages over bulk CMOS, SOI MOSFET characteris-
tics are strongly dependent upon film quality and thickness controllability of the thin silicon layer.
For instance, the threshold voltage of the fully depleted MOSFEET is a function of both the SOI
thickness and the backside Si-SiO;, interface charges. Furthermore, in order to suppress short-chan-
nel effect, film thickness of less than 50 nm is required for below quarter micron channel length.
However, the thinner Si film results in higher source/drain sheet resistance, which is not desirable

for high speed operation. Therefore, technological improvement is still required.
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2°2 Threshold Voitage Of Thin Film SOI MOSFET

Threshold voltage of a bulk transistor is normally described by the classic relation as:

Vie = Veg+ 205 - _Qg_ .3)

Cox
where Vg is the flat band voltage, ¢g is the bulk (substrate) potential, Qp, is the space charge den-
sity in the depletion region, and Cyy is the gate oxide capacitance. In the case of a thin film tran-
sistor in which the silicon film thickness is greater than the gate-induced spaced charge layer, there
will be a charge neutral region within the silicon film. This is the case of a partially depleted device.

It is expected that this device has a similar threshold characteristic as described in eq. (2.3).

For thin films that are fully depleted, the doping concentration must be much greater than that of
the silicon substrate in order to overcome the ¢, term in eq. (2.3). The back interface of the silicon
film is assumed to be at or very near flat band with respect to the substrate, since the majority of
the band bending due to the substrate/silicon film work function difference will appear in the lightly
doped substrate. If the silicon film thickness is less than that of the gate induced depletion layer,
there will be no neutral region in the film. Under these conditions, the silicon film is fully depleted.
The depletion charge is no longer determined by the total band bending at the front surface of the
film but is now limited by the thickness of the silicon film. The threshold voltage of the fully de-
pleted silicon film should therefore be smaller than that of a comparable bulk or partially depleted

device with the same well doping.

It can be shown that the threshold voltage for the fully depleted case is given by [13]:

10
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NA[Sf NAtsi

aCox —1 2Csi

Vip = (1 +0) (Vg +205)-¢g 2.4)

Cboxcsi
Cox( Cbox + Csi )
of the fully depleted silicon film, N, is the acceptor concentration, and ¢; is the silicon film thick-

where a = » Cpoyx Is the capacitance of the buried oxide, C; is the capacitance
ness. Since o is small, the threshold voltage varies approximately linearly with the film thickness
for a fixed and uniform doping. In the limit of the film thickness tending to zero, the threshold volt-

age of the film is independent of the film doping.

If the silicon film is fully depleted at the onset of weak inversion, then the capacitance associated
with the depleted region will consist of the buried oxide capacitance in series with the depleted film
capacitance. The capacitance due to the space charge layer in the substrate can be ignored. The sub-

threshold slope is row given for a FD silicon film as:

5 = (’E})mlo.(l +0) @5

If the film is sufficiently thin so that it is fully depleted well below threshold, then the value of S
observed is indeed quite low, on the order of 62 to 75 mV/decade for n-channel and p-channel de-

vices.

2+3 Methods Of Controlling Threshold Voltage

In order to achieve high performance and low power in continuously computing systems (e.g.,
modules of a video compression system), reduction of supply voltage Vpp, and threshold voltage

Vi is required. For technology generations with gate length less than 1 pm, the saturation drain

11
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current Ip AT is approximately proportional to (Vpp - Viy,)- A small V, is preferred to give a high
Ip.saT when Vpp is small. However, a small subthreshold leakage current (shown in Fig. 2.1) re-
quires a high V. A trade off should be made to find optimal Vpp and V, values [14][15][16].
CMOS-based high performance burst-mode computation systems (e.g. a microprocessor running
an X server or cellular phone which is idling more than 90% of the time) will suffer high-static leak-
age energy dissipation operating at low Vpp, with constant low V; even with clocks stopped [17].
In order to simultaneously achieve high performance during active periods and low leakage power
during idle periods for burst-mode computational systems, several schemes of reducing the leakage
current have been proposed. One is multiple V; CMOS design which uses high Vy, transistors to
gate the low Vy, blocks [18][19]. Another approach is dynamic control of V; by biasing the bulk

CMOS wells [20].

The idea of making use of a substrate bias effect to control threshold voltage has been known since
at least 1976 [21]. The main objective of the paper was to reduce short-channel effects. Two exter-
nal reference voltages were needed to operate the circuit. Much more recently, Kobayashi et al. in-
troduced a circuit technique to reduce the threshold voltage fluctuation due to process variation
[22]. The technique uses substrate self-biasing, namely the Self-Adjusting Threshold-Voltage
Scheme (SATS) which consists of a leakage sensor and a self-substrate bias circuit. The substrate
bias is controlled with a feed back loop so that leakage current of a MOSFFET is held constant. Fig.
2.2 shows a block diagram of the proposed scheme to reduce the Vy, fluctuation down to +0.05 V.
A leakage sensor senses leakage current of a representative MOSFET and outputs a control signal,
Veonws to the Self-Substrate-Bias (SSB) circuit. Assuming we are dealing with NMOSFETs, the

triggered SSB draws charge from P-wells of NMOSFETs and lowers the substrate voltage, Vgg,

12
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and the lowered Vgg in turn increases V,;, and lowers leakage current. Here the Vgp is distributed

to all other NMOSFETs on the chip.

Self-Adjusting V;, Circuit
;_ —————————————————————— -; Inoise
l - { Ves
Sense Buffer Self-Sub-Bias .
' Stage [ Switch " Circuit (SSB) [{@——@- >
' Veense Veont l To the
‘ \ / ! wells of
I | other MOS
[ Leakage Sensor I circuit
| (I
Pumping capacitor = 100 pF T
| - _ l External
| Pumping frequency = 10 MHz ' capacitor
| | 10 nF

Fig.2.2 Block diagram of Self-adjusting V, Scheme (SATS) (22].

It is shown in [22] that the sub-threshold leakage current I has an exponential dependence on Vy;,
written as Ip ~ exp[(Vgs-V)/S] where S is the subthreshold swing with a value close to 110 mV/
decade when Vgg is zero, dropping to 90 mV/decade when Vgg is less than -1V. This suggests that
with the substrate-bias, Vi, can be set lower than in the case without the substrate-bias while main-
taining the leakage current. Thus, Vy, is controlled to make the leakage current equal to the speci-
fied value, that is, Vy, is set to the lowest possible value while satisfying the power specification.
Consequently, the speed is optimized. Substrate bias is also good for reducing junction capacitance
to further improve performance. The process target for Vy;, should be low enough so that the SSB
can tune Vy, to whatever value is necessary. Threshold voltages for PMOSFETs are controlled in
the same way at the same time. The threshold voltage is reported to be controlled within + 0.05 V |
and the speed gains forl.5 V and 1 V Vpp operation are estimated to be a factor of 1.3 and 3, re-

spectively.
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In order to address the problem of exponential decrease in circuit performance as supply voltage

approaches threshold voltage, Burr et al. used back bias of bulk CMOS to modify the transistors to
have thresholds close to zero volts and then "tuning” these thresholds [1]. Their process features
230 A oxide, 2 um drawn channel lengths, and surface-channel PMOSFETs. Devices with thresh-
olds near OV are produced without any process changes other than modifying threshold-shifting im-
plant masks to exclude the low-voltage circuits. The device [-V curves show that both NMOSFETs
and PMOSFETs have subthreshold swings close to 70 mV/decade. The effective channel dopant
concentration is 5X10'3/cm? for the NMOSFETs and 10'%/cm3 for the PMOSFETs. The study
found substantial decrease of power-delay product with only modest decrease in performance. It
also supports a high degree of "voltage scalability”, so with appropriate biases the same chip can

run at supply voltages from 200 mV o 5 V.

2¢4 Vg, Control in FD-SOI MOSFET

There have been numerous studies on the merits of fully-depleted (FD) SOI in CMOS and its im-
plications for low power electronics. Various researchers have exploit FD-SOI in dual-gated devic-
es in which the top and bottom gates are tied together, resulting in enhanced transconductance
[23]1[24]{25][26]. For partially depleted device, it has also been demonstrated that the threshold
voltage Vy;, can be controlled dynamically by tying the body to the gate [27]. The threshold voltage
then drops as the gate voltage is raised, resulting in a much higher current drive than in a regular
MOSFET at low Vpp. In addition, it is possible to make Vy, high at zero bias, and thus the leakage

current is guaranteed to be at low level.

14



Chapter 2: Background

Recently, another group developed a technology, silicon-on-insulator-with-active-substrate (SOI-
AS), to fabricate back-gated FD CMOS device by combining on existing SIMOX, wafer bonding
and thinning technologies [2]{3]. A quite complicated process is required to prepare SOIAS, which
is shown in Fig. 2.3. A multilayered blanket film stack consisting of the silicon wafer, oxide, intrin-
sic polysilicon, back-gate oxide, and silicon film is used as the substrate of SOIAS. These substrates
were prepared using either bonded SIMOX or etched-back bulk wafers. For the bonded SIMOX
process, the back-gate oxide to be was formed by dry oxidation and intrinsic amorphous silicon was
deposited as the back-gate material. The handle wafer had an oxide/nitride stack. The SIMOX wa-
fer was then bonded to the handle wafer, and annealed. After being etched to remove the bulk of
the SIMOX wafer, the bonded wafers were then thinned by localized plasma etching to a thickness
of approximately 0.2 um. Final thinning of the silicon film was accomplished with thermal oxida-

tion and wet oxide strip..

SINOX
Buriced

Silicon

Back-gate
Oxide

- Amorph
Silicon

Bonded
Silicon

o Oxide and
Nitride

Bonded
Interface

Back-gate E BXY
Oxide B P R T S

Amorphois
Silicon

Fig. 2.3 SOIAS preparation using bonded SIMOX and BESOI process [2].
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Forming of the back-gates includes ion implantation through the silicon film in two masking steps,
resulting in islands of p* and n* polysilicon insulated by intrinsic poly. To set the zero back-gate
bias value for the front-gate Vy,,, the silicon film was also doped. The same type of doping was ap-
plied in the back-gate poly and silicon film. The front-gate device is then built as in a conventional
SOI CMOS process using LOCOS isolation. The back-gate controls the threshold voltage V,, of
the front-gate device since the surface potentials at the front and back interfaces are coupled in FD-
SOl devices. Fig. 2.4 shows the schematic of a SOIAS back-gated CMOS device. It is apparent that

the NMOS and PMOS back-gates are switched independently from one other and the front-gate.

] ;-;[m» SiO2 ] - |

_LOF P N\ Pt 7 \pr
back gate overlap —_— -

Fig. 2.4 SOIAS back-gated CMOS device schematic [2].

It is found that the tunable V,;, range is quite large for fully depleted back interface as can be seen
from the lowest V;, case at zero back-gate bias. This has implications for making FD SOI a viable
technology since the threshold voltage and the device operating mode can be controlled precisely
by the back-gate. Fig. 2.5 shows the maximum and minimum tunable V;, limits. The x-axis is nom-
inally designed Vg which is the threshold voltage at zero back-gate voltage. The y-axis, tunable

L ]
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Vihe is obtained by applying various back-gate biases. It is shown that a nominal Vy, of 500 mV

1.5
| Nominal Tsi=40 nm e High VtLimit
. Nominal Leff=450 nm o Low Vi Limit
Back-Gate Oxide=100 nm R
1 i Front-Gate Oxice=9 nm *
L /
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> .
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Fig. 2.5 Tunable Vg ranges by back-gate biasing {2].

maybe reached from around + 500 mV deviation by using a +5-6 V back-gate bias. However, phys-

ical mechanisms limiting range of Vg, control are not explained.

Similar SOI structures with oxide-isolated back-gate electrodes have been describe previously else-
where [23]{28] [29] although in these studies the back-gate electrodes were not used for Vy;, control.
However, the structures described in these studies are based on complex wafer bonding and etch-

back techniques, and appear extremely difficult to manufacture.
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An alternative means of forming fully depleted (FD) dual-gated (DG) thin-film SOI-MOSFETs
with an isolated buried back-gate was studied in [4]. Epitaxial lateral overgrowth (ELO) into SOI
islands is used as shown in Fig. 2.6. Situated in an SOI island, the fully depleted DG SOI MOSFET
allows independent operation of both top-gate and back-gate, which is buried and totally isolated
from all other devices {28]. This provides a method to control the threshold voltage of the top MOS-
FET with a bias on the back-gate (Vg pack) for fully-depleted (tg; < 2000A) devices. According to
a similar work [30], the back-gate can switch the top MOSFET to more "on" for larger drive cur-
rents and to more “off” for lower subthreshold leakage currents. It is reported that the dynamic con-
trol of Vi (op bY the Vg pacy increases the speed, reduces the device width (W) for a given Ip,,

and is ideal for ultra-low power circuits for <1.2 V power supplies.

Source Front Gate Drain

P+ : P+ /
777277777 777772777 77

N\

Fig. 2.6 Dual-Gated Thin-Film SOI MOSFET by ELO [4].
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The ELO has a thin buried thermal gate oxide using standard Si wafers, hence providing less ex-
pensive and simple production. The close symmetry and size between the top-gate and back-gate
which generates less overlap capacitance Cg,, also simplifies device layout and circuit design for
this structure. Furthermore, the buried polysilicon gate can also serve as a buried interconnect be-

tween devices and circuits, without an area penalty.

Again, according to [30], the buried polysilicon gate and poly-oxide does not significantly affect
the quality and electrical performance of the back-gate device. Therefore, in order to simplify the
experiments, the structure in Fig. 2.7 was fabricated with either a thermal oxide (OX) or nitrided
thermal SiO2 (NOX) as the buried gate insulator. Averaged over 11 devices, the measured shift of
AVT 10/ AVG pack =0.34 V/V for NOX and 0.33 V/V shift for OX. The data indicates that the nitride
buried oxide had little or no effect on the operation of the SOI PMOSFETS as compared to the ther-
mal oxide. It is also observed that thinner buried NOX has increased AV, ,/AVg ok to 0.52 V/

V for even better Vy;, control.

Front Gate
Drain
Source
-

P+ g ) o P+

- Silicon (100
Bunedgai " , substtatf: )

insulator SOI Silicon

" Fig. 2.7  SOI P-MOSFET Device fabricated in [30].
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2+5 Implanted Back-gate Electrodes For Vy;, Control In

Fully-Depleted SOI CMOS

It has been shown recently that it is possible to dynamically control the threshold voltage Vy, of

MOSFET:s in a fully-depleted silicon-on-insulator (FD-SOI) technology by constructing a junc-

tion-isolated implanted back-gaie electrode under the buried oxide [5][6].

In the work of [6]}, an SOI CMOSFET with a variable threshold-voltage using simple implanted
back-gate electrodes is proposed and fabricated in a 0.5 um process. The back-gate electrodes are
simply formed by P-ion implantation in a p type Si substrate (with a concentration of 3 x 10!7 cm™
3 through a 60-nm-thick Si layer and a2 100-nm-thick buried SiO, layer. Independent substrate bi-
ases (positive biases for NMOSFETSs and negative biases for PMOSFETS) can therefore be applied
through the back gate electrodes and the p* substrates. A LOCOS process is used to achieve isola-
tion, followed by 12-nm-thick gate SiO2 formation, comparatively deep non-uniform channel im-
plantations [31], and W/Siy/poly Si dual-gate-electrode formation, i.e. n* poly silicon for
NMOSFETs and p* poly silicon for PMOSFETs. W and Al layers are respectively formed for the
first and second level wiring. As only adding one mask process and one ion implantation process
enables to make the variable V, SOl CMOSFETS, the process is much simpler than work reported

in [2].

The simulation results of SOl NMOSFET:s with SOI thickness of 20 to 70 nm show thata2 V Ve,

change results in a approximately 0.35 V Vy;, change for devices with an identical channel implan-

L —————————————————— T
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]
tation BF, dose of 3X10'? cm™2. The experimental thresholds shift about + 0.5V for a Vi, of 2V

for long-channel NMOSFETs and PMOSFETs. The drain current in the Vi, biased SOI
MOSFET;s showed 30% more current for n-channel and 24% more for p-channel than those in un-
biased (QV for NMOSFET and -2V for PMOSFET) SOI devices. These lead to a 46% smaller
propagation delay of a power-managed SOI CMOS ring oscillator with 0.7-um-long gates operat-

ing at 1V than that of a bulk ring oscillator under almost the same power consumption.

However, the approach to back-gate electrode formation presented in [6] is somewhat restrictive,
in that a p* substrate is used, and back-gate electrodes are formed only beneath the n-channel tran-
sistors through high-energy phosphorous ion implantation. In this approach only blanket V;, ad-

Jjustment is possible for pMOSFETs.

In a recent study of the simple buried back-gate eiectrode method of V,;, dynamic controlling by
Tarr et al. [5], a similar back-gate structure is used. Its cross-section is shown in Fig. 2.8. The p-
type back-gate electrode is formed by high energy boron implantation through the silicon film and
buried oxide into a lightly doped n-type substrate. For the 1 um gate length technology generation,
the buried oxide thickness is typically 300 nm, and the silicon film thickness 80 nm. SUPREM3
simulation in {5] showed that an !!B*+* implant of 2X 103c¢m™2 at 150 keV can create a moderately
doped p-type layer beneath the buried oxide while adding less than 10'6cm3 to the boron concen-
tration in the silicon thin film. A brief anneal was applied to raise the boron concentration at the
interface between the back gate electrode and the buried oxide to more than 10'7c¢m™3, allowing
effective back-gating. Back-gate electrodes could be placed beneath either n- or p-channel transis-

tors, and could be shared by groups of transistors when desired. In the circuit application the n-type
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substrate was connected to the most positive potential produced, so that the back-gate electrodes

are always reverse biased relative to the substrate, and are always junction isolated. Although Fig.
2.8 shows an extension of the back-gate electrode undemeath the MOSFET source to illustrate that
contact to this electrode is made through a window in the field oxide, in a practical transistor over-
lap between the back-gate electrode and the source and drain regions would be minimized to avoid

adding parasitic capacitance.

I P
S T 7 N
Sio,

(2 D)

Si Substrate

Fig. 2.8 Cross-section of SOI MOSFET with implanted back-gate electrode [5].

The electron and hole sheet density in the channel as function of the front gate bias Vg and back-
gate Vg was studied, also using SUPREM3. It shows that S is increased slightly by the addition of
the back-gate electrode, from 60 to 63 mV/decade, but is still far lower than in a typical bulk CMOS
technology. The shift in Vi, for different Vg was found by means of SUPREM3 simulations. For
Vg changing from -2 Vto 2 V, V3, of NMOS changes from 325 mV to 10 mV while PMOS changes

from -45 mV to -360 mV. The shift is relatively small, but the effect on off-state channel leakage

e EEEEE——,—,_—— .
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is large due to the low subthreshold swing. It is concluded that back-gate control of Vy, could be

improved through the use of a thinner buried oxide, but only at the expense of increased parasitic

capacitance between source/drain junctions and the substrate, and a slight increase in S.

Experimentally, there were two concemns in developing the back-gate SOI process flow which
could not be answered through simulation. The first was that the back-scattered "tail” of Boron at-
oms produced during the back-gate electrode implant would not be accurately modelled by
SUPREM3, giving an undesirably high concentration of Boron in the device wells which would
have to be compensated by subsequent implants. The second concern was that the PN junction<
formed between the back-gate electrodes and the substrate might be extremely leaky as a result of
residual damage left by the high- dose oxygen implant used to produce SOI material in the SIMOX
technique [13].

Experimental devices were fabricated using SIMOX substrate phosphorous doped to 10!’ cm™3
with nominal buried oxide, silicon film and gate oxide thickness identical to those used in the sim-
ulations. The boron doping profile prediction by SUPREMS3 is shown in Fig. 3.3 with the compar-
ison with experimental data obtained from spread resistance profiling. It was found that the back-
scattered boron "tail" is visible in the surface region, but for depths less than 0.1um the back-scat-
tered dopant concentration is far below the final target well doping of 4-5X 106 cm’3, and so should
not interfere with well formation. The current voltage characteristics of a large-area back-gate-elec-
trode-to-substrate diode shows that reverse leakage is less than 30 nAcm for reverse biases less
than 5 V. This indicﬁtes that it should be relatively easy for a charge-pump circuit to supply bias to

the back-gate electrode.
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The experimental subthreshold characteristics shows that it is necessary to apply a relatively large
negative back-gate bias (~10 V) to bring Vy;, to the 200 mV target due to the light well doping. A
1V change in Vg from this starting point shifts Vy;, by 70 mV, which agreed with SUPREM simu-

lation.

In the same paper, the SOISPICE circuit simulator [32] was used to simulate a simple circuit capa-
ble of adjusting the back-gate electrode bias to provide dynamic control of Vy, for an n-channel
transistor. Fig. 2.9 shows the schematic. A reference voltage V ¢ was applied to the gate of test
transistor N 1. If V,;, for N1 is low, current is drawn through resistor R, pulling the input of inverter
INV1 low and turning on the ring oscillator. The output of each oscillator stage is connected to the
cascade charge pump circuit shown in Fig. 2.9. A cascade design was used to maximize the output
voltage magnitude provided by the pump for small input voltage. The charge pump outputs are in
turn connected to a back-gate electrode shared by all n-channel transistors in the circuit, applying
a negative bias to this electrode to raise V. A distributed charge pump is used to minimize ripple
on the back-gate electrode. Simulation shows the charge pump circuit is capable of providing an

output voltage magnitude of up to 2 V for 1V supply operation.

26 Relation of This Thesis to Previous Work

This thesis extends the study of the implanted back-gate FD-SOI MOSFET structure introduced in
[5]. In particular, the dependence of back-gate threshold control sensitivity AV,,/AVg on back gate
doping concentration, buried oxide and silicon film thickness is studied through SUPREM3 simu-
lations. SUPREM3 and MEDICI simulations are used to investigate the limitations in the range of

threshold voltage control that can be achieved through back-gating. The simulation results are con-
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Fig. 2.9 Schematic of circuit providing dynamic control of V.
firmed by comparison with the characteristics of experimental device. The thesis goes on to con-
sider the design of a complete threshold voltage control system using charge pumps to provide bias
to the back-gate electrodes. The system presented is superior to that described in [5] in that back-
gate biases much larger in magnitude than the power supply voltage can be generated. Improve-

ment have also been made in the circuitry used to sense whether Vy;, lies within the desired range.
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CHAPTER 3
Device Simulation Results

The cross-section through an n-channel SOI MOSFET with an implanted back-gate is shown in
Fig. 3.1 while a plan view of the device is shown in Fig. 3.2. It is this structure that is being studied

both in simulation and experiment.
Vs

n+ Gate

e n+SourceI p \ n+Dran
Field
Oxide

Buried Oxide i Thin Film

( p Back-gate Electrode )

Fig.3.1 Cross-section of SOI MOSFET with implanted back-gate electrode.

n-Substrate

It is illustrated in the plan view that the overlap between the source and drain regions and the buried
back gate electrode is minimized in order to reduce parasitic capacitance. For an n-type substrate,
a p-type back gate electrode is formed by high energy boron implantation through the silicon thin
film and buried oxide. By connecting the n-type substrate to the most positive potential generated
in a circuit, the back gate electrodes can be junction isolated. This technique permits different back

gate biases to be applied to n- and p-channel transistors in a CMOS circuit, which is required in
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Fig. 3.2 Plan view of SOl MOSFET with implanted back-gate electrode.

practice. It is also possible to apply different back gate biases to different groups of transistors in a
large circuit, allowing power consumption to be reduced at the expense of decreased current sourc-

ing capability and speed.

The structure shown in Fig. 3.1 and Fig. 3.2 is simulated using the one-dimensional Poisson equa-
tion solver in SUPREMS3. This chapter provides more detail on the device structure. Numerical de-
vice simulation is then used to examine the limitations on Vy, adjustment by back-gating in FD-
SO, including the effect of buried oxide and silicon film thickness on V;, controllability. The range
of back gate bias over which useful Vy, control can be obtained is also investigated. The results are
presented for the 1 and 0.25 um channel length technology generations. Most of the simulation re-
sults are obtained using the one-dimensional Poisson equation solver in SUPREM3. The two-di-

mensional device simulator MEDICI is used to examine short channel behaviour.
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3«1 Device Structure

For the purpose of the simulations, representative silicon film (tg;), gate oxide (t55,), and buried ox-
ide (tpox) parameters were selected for the 1 pm and 0.25 um technology generations based on val-
ues presented in[13] {33] [34]. The parameters are listed in Table 3.1. Using SUPREM3 process
simulator, the p-well (N, ) and n-well (Np) doping levels required to give long channel front gate
threshold voltages Vy, =200 mV and V1, =-200 mV (appropriate for 1V supply operation) for Vg
=0 here determined to be 5X10'6 and 3X10!7 cm™ for the 1 and 0.25 pum generations, respectively.
The gate was assumed to be doping by the source/drain implant was assumed, giving n* gates for

n-channel devices, and p* gates for p-channels.
Table 3.1 Structural parameters assumed in simulation for various SOI technology

generations
Legg (M) | tyox (um) tsi(nm) thox(nM) | Np(em?) | Np(cm™)
1 25 80 |30 4.4X10'6 | 5.0%10!6
0.25 7 40 100 3.1x10'7 | 3.4x10"7

The p-type back gate electrodes can be formed with relative ease by implanting doubly ionized bo-
ron using a conventional implanter. This applies even for the thickest buried oxides normally pro-
duced by the Separation by IMplantation of OXygen (SIMOX) technique [13] which is now in
widespread use for forming SOI substrates. Fig. 3.3 shows the boron profile predicted by
SUPREM3 for implantation of !'B** at an energy of 300 keV and dose of 2X1013 cm2. We as-
sumed an 80 nm thick Si film overlying a 350 nm buried oxide, these are values appropriate for the
lum generation. For comparison we include data obtained from spreading resistance profiling of a
lightly-doped bulk n-type test wafer which had received this implant and a 1050°C 20 seconds rapid

thermal anneal. It is shown that the high-energy boron implant can form a moderately-doped buried

e
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electrode without leaving a back-scattered "tail” in the silicon for concentration high enough to in-
terfere with well doping. Fig. 3.3 also shows that a brief anneal at 1 100°C will raise the boron con-
centration at the buried oxide/substrate interface to over 10'7 cm™, which is sufficient to provide
effective back-gating. The sheet resistance of the buried layer is 1.2 k€/Q which, in series with the
junction capacitance to the lightly doped substrate, gives an RC time constant much less than | ns
for a 10 um long, 2 pm wide electrode. This allows sufficiently rapid switching of back gate poten-
tial for any practical application. Similar results can be obtained for the 0.25 pum generation using
slightly lower implant energies to compensate for the thinner buried oxide. On the other hand, an
n-type back-gate electrode can be formed in a p-type substrate, but would require the implantation
of triply-ionized phosphorus if accelerating voltages are limited to the normal maximum of 200

keV and tg,, is greater than approximately 100 nm.
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Fig. 3.3 Doping profile predicted by SUPREMS3 for 300 KeV, 2X101% cm™2 11+
implant into SOI structure, both as-implanted and after 1100°C drive in.
Dots show experimental data obtained by spreading resistance profiling of
bulk n-type test wafer after- rapid thermal annealing (RTA) implant activa-
tion.
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3+2 Simulated Electrical Characteristics

Results presented in this section are for n-channel transistors. Results for p-channel devices are
similar. The only minor difference between n- and p-channel devices resuits from the work function
difference between a p-type back-gate electrode and an n-well, which tends to invert the n-well,

lowering IVTPI slightly.

321 Subthreshold Characteristics

The one-dimensional Poisson equation solver in SUPREMS3 was used to determine the electron
sheet density Q, in the silicon film as a function of front and back-gate bias. V-, was determined
by extrapolating the linear region of the Q, - V characteristic to locate its intercept with the Q, =
0 axis. By plotting Q, versus V;, the subthreshold characteristics of a long-channel device can be
constructed. These characteristics are shown in Fig. 3.4 for an n-channel device from the 1 tm gen-

eration. Fig. 3.5 shows V,;, and the subthreshold swing S as a function of Vg for the same device.

For-3V<Vp <3V, application of back-gate bias leads to a simple displacement of the subthresh-
old characteristic along the V¢ axis. For Vg in this range, S is approximately 63 mV/decade, close

to the minimum theoretical value at 300 K, while AV,,/AVg =70 mV/V.

For [Vgl > 5 V, more complex behaviour is found, with significant changes in the shape of the sub-
threshold characteristic apparent depending upon whether the hole population in the silicon film is
or is not allowed to reach a thermal equilibrium condition. For Vg < -5 V, if holes are available in
sufficient supply, an accumulation layer forms at the back interface of the silicon film. Once the
accumulation layer has formed, the MOSFET characteristics become similar to those of a partially-
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Fig. 3.4 Subthreshold characteristics predicted by SUPREMS3 for device from
1um generation. Dashed lines are based on equilibrium hole concentra-
tion in Si film, solid line on complete hole depletion.
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Fig.3.5 Dependence of S and Vg, on Vg for devices of Fig. 3.4. Complete hole
depletion assumed.
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depleted device in a heavily doped silicon film. At Vg =-5V, S has degraded to 120 mV/decade.
The accumulation layer also serves as an electrostatic screen, preventing further increases in Vgl

from modulating Vy,.

For Vg > 3 V SUPREM3 shows that an electron inversion layer or back channel can form along the
interface of the silicon film with the buried oxide for low values of V5. As V is increased a front
channel forms and begins to dominate conduction, but Fig. 3.5 shows that there is an overall slight
increase in S since gate control over electrons in the back channel is weaker than for those in the
front channel. For Vg > 8 V the back channel dominates conduction throughout the subthreshold
regime. If film remains depleted of holes, the front gate can still exert some control over this back-
channel inversion layer, but S is badly degraded, increasing to 90 mV/decade at Vg = 10 V. If suf-
ficient time is allowed for the hole population to reach its equilibrium value, for Vg >7 V a hole
accumulation layer forms at the front surface of the silicon film for low V. This accumulation lay-
er effectively screens the back channel from changes in Vg, so the front gate loses all control of the
drain current. This effect can be seen in Fig. 3.4 for Vg = 10 V. The influence of silicon film back
interface accumulation and inversion on subthreshold characteristics in FD-SOI devices has been
considered previously [35], but the effect of non-equilibrium hole concentrations was not dis-

cussed.

If the back-gate bias changes slowly enough for the majority carrier population in the silicon film
to reach thermal equilibrium, then the useful range of Vy;, adjustment is limited to approximately
1300 mV for all the structures listed in Table 3.1. Attempting to increase V,;, by more than 300 mV

will lead to accumulation of the back surface of the silicon film, with associated degradation of sub-
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threshold swing, while attempting to decrease V,, by more than 300 mV risks formation of a back
channel. If buried oxides thinner than specified in Table 3.1 are used, the range of useful Vg values

is reduced, but the Vy;, adjustment range remains unchanged to a first approximation.

Since intervals of many seconds are required to form an accumulation layer in an initially fully-
depleted film in good-quality SOI material, it might be expected that the above restrictions could
be ignored for rapid excursions in Vg. However, it is shown in Chapter 5 that equilibrium majority
carrier population may be established very quickly if even a weak avalanche forms at the drain end

of the MOSFET channel. This may be a significant factor if the drain voltage exceeds 1.5 V.

3<2+2 Dependence of AV, /AVg on Back-gate Doping Concentration

Formation of the back-gate electrode by implantation allows for a very simple fabrication process,
but restricts the dopant concentration in the electrode to the range 10'7-10'8 cm?3. Fig. 3.6 shows
the dependence of AV,,/AVp on back-gate doping concentration as Vp is lowered from 0 to -1 V
fora 1 um generation device with buried oxide thickness reduced to 200 nm. Even for this relatively
thin oxide, it is seen to be saturated for back-gate doping above approximately 1017 em3, verifying

that a moderately-doped implanted back-gate electrode can provide effective control of V.

323 Dependence of S and AV 4 /AVy on Buried Oxide Thickness

. Vv . : .
Fig. 3.7 shows the dependence of S and i_‘;l' on tyo,. As cxpected, reducing ty,, increases the abil-
B

ity of back gate biasing to control Vy;, but at the expense of a slightly increased subthreshold swing.

Even for relatively thin buried oxides, S is still markedly lower than would be expected for a con-
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Fig. 3.6 Dependence of AV, /AVg (for Vi from 0 to -1 V) on back gate electrode
doping for device from 1 um generation.

ventional bulk CMOS technology supporting the same minimum channel length.

It should be noted that modelling the back gate electrode as a perfect conductor gives [36]

4
bax(1+ Si ._o;t)
Lhox eSi

which is in agreement with the numerical results of Fig. 3.7.

3+2+4 Dependence of S and AV, /AVy on Silicon Film Thickness

The dependence of AV,,/AVg on tg; for fixed t,,, was also studied. AV 4/AVg changed by less than
5% as tg; increased from 40 to 120 nm. This lack of sensitivity of AV, /AVg to tg; results from the

silicon film typically being considerably thinner than the buried oxide, and having roughly three
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Fig.3.7 Dependence of S and AV, /AVg(for Vg lowered from 0 to -1V) on buried oxide
thickness for 1 pm generation.

times greater permittivity. For given t,o, and tyo,, a similar AV /AVg value can be expected for

any reasonable value of tg; appropriate for a fully depleted device.

325 Back-gate Influence on Short Channel Effects

Application of a small positive back-gate bias insufficient to cause strong inversion of the back sur-
face of the silicon film still tends to increase susceptibility to short-channel effects including short-
channel reduction in Vy, drain-induced barrier lowering, and punch-through. This arises because
positive Vg lowers the energy barrier holding electrons in the source near the back side of the sili-
con thin film. Barrier lowering near the bottom edge of the film is particularly undesirable, since

this region is poorly controlled by the front gate. Additional lowering of the barrier by electric field
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lines encroaching from the drain allows electrons to escape from the source. Fig. 3.8 illustrates the
effect of positive Vg in enhancing drain induced barrier lowering, plotting the difference Vg ppi
between the gate bias required to obtain I = 10 nA for Vp =0.1 V and for Vp = 1.0 V as a function
of back-gate bias for a | um wide device with Lg = 0.4 um, but with other structural parameters

appropriate for the | um generation. Vg pg; is seen to increase with increasing V.

300
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Fig. 3.8 Dependence of difference in gate bias AV ppy. required to maintain I =
InA/um as Vy is increased from 0.1V to 1 V, as a function of Vg. Lg = 0.4
pm, otherwise 1 um generation structural parameters. L was chosen to be
0.4 um to ensure that short channel effects is apparent. MINIMOS6 simula-
tion.
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3+2+6 Effect of Back-gate Electrode on Circuit Speed

SOI technologies typically make use of much lighter substrate doping than bulk technologies. Com-
bined with the presence of the buried oxide layer, they can lead to very low parasitic capacitance
between source and drain regions and the substrate in SOI, which translates to an advantage in cir-
cuit speed at equal channel dimensions. It might be expected that some of this advantage would be
lost through the use of a moderately-doped back-gate electrode, particularly if the buried oxide is
thinned to improve AV, /AVp. A rough estimate of the loss in circuit speed resulting from the use
of a back-gate electrode was made by computing the parasitic capacitance associated to parameters
specified in Table 3.1. A gate length of 1 jum and width of 5 um and drain area of 12 pumXum were
assumed. For a device with no back-gate electrode and a substrate doping of 10'5 cm3, the capac-
itance between the channel region and the substrate is 0.27 fF, while the capacitance between the
drain and the substrate is 0.65 fF, assuming that the substrate is always depleted to the maximum
extent possible. For a device with a back-gate electrode overlapping the channel by 1 um, the ca-
pacitance between the channel and substrate is 0.49 fF, and between the drain and substrate 0.90
fF. For both devices the gate-channel capacitance is 6.9 fF. Assuming a circuit configuration in
which the drain of each device is loaded with the channel-substrate and drain-substrate capacitance
plus the gate-channel capacitance (representing the input of the next stage), use of a back-gate elec-
trode increases the load capacitance by just 6% under worst-case conditions. Adding a back-gate
electrode would therefore be expected to add at most 6% to the delay of a simple logic gate, with

even smaller increases in delay for gates loaded primarily by interconnect capacitance.
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33 Scaling Down To 0.25um Technology

The SUPREMS3 simulations of the back-gated SOI MOSFET presented in the above sections are
based on a 1 um technology generation. It is of interest to consider whether threshold voltage con-
trol by back-gate biasing is a useful technique as technology scales down to 0.25 pm generation. In
comparing Fig. 3.9 below and Fig. 3.7 in Section 3+2+3, one can see that similar values of AV /
AVy are obtained for the two technology generations listed in Table 3.1. Scaling down ty,, at
roughly the same rate as ty,,, as the minimum channel length is reduced gives similar Z-‘;f for both

technology generations.
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Fig. 3.9 Dependence of S and AV, /AVg(for Vi lowered from 0 to -1V) on buried
oxide thickness for 0.2S um generation.

In Fig. 3.7 which is for 1 um technology, the threshold voltage control ability which is marked by
AVy4/AVyg gives 100 mV/V with a front to back gate oxide thickness ratio of 1/10 (25 nm/250 nm).

In Fig. 3.9, which is for 0.25 pm technology, the same Vy, control ability is obtained at a similar

et ————
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S
ratio of front to back gate oxide thickness (1710 or 7 nm/ 70nm). This tells us that the ability of

threshold voltage control by back-gate biasing on the transistors is not compromised by technology
scaling down as long as the back-gate oxide thickness is scaled down proportionally with the front
gate oxide thickness as the minimum channel length is reduced. We can therefore conclude that
provided the front gate and back-gate oxide thicknesses are in the same ratio in the 0.25 pm tech-
nology as in the I pum technology, a back-gate bias threshold voltage control sensitivity of approx-
imately 100 mV/V could be achieved. It is notable that commercial suppliers of SOI wafers are

thinning the back-gate oxide thickness in this way already [37].

34 Chapter Conclusion

This chapter examines in detail the consequences of using implanted back-gate electrodes for Vi,
adjustment in FD-SOI, including the effect of buried oxide and silicon film thickness on Vy;, con-
trollability, the range of back-gate bias over which useful Vy, control can be obtained, the influence
of back-gating on short-channel effects, and degradation in switching speed resulting from the pres-
ence of the back-gate electrode. The investigation is aimed primarily at evaluating the usefulness
and limitations of implanted back-gate electrodes for dynamic threshold control for 1 V supply op-
eration. It has been shown through simulation that back-gate electrodes formed by a simple ion im-
plantation technique can provide useful control of threshold voltage in fully-depleted SOI CMOS.
This result holds as channel lengths are scaled from lum down to 0.25 um, provided the buried
oxide and silicon film thicknesses are scaled at roughly the same rate as the gate oxide thickness.
For a long n-channel MOSFET, the maximum useful negative back-gate bias which can be applied
is limited by the formation of an accumulation layer at the back surface of the silicon film. Con-
versely, the maximum useful positive back-gate bias is limited by the enhancement of short-chan-

e ————————————_—— e ]
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nel effects and, in more extreme cases, by formation of a backside inversion layer. These
constraints restrict the available useful range of threshold adjustment by back-gating to approxi-
mately 1300 mV regardless of t, for both the [ um and 0.25 pm technology generations. Exper-
imental results are given for device structures appropriate for use in a 1 pm channel length

technology generation, and will be described in Chapter 5.
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CHAPTER 4
Charge Pump Circuit: Design and Simulation

It was described in Chapter 2 that although the threshold voltage V,, has a target value of 200 mV
in a low-voltage FD-SOI integrated circuit, it could conceivable deviate by as much as +300 mV
due to variations in temperature or process parameters. (In particular, Vy, is affected by the varia-
tion of temperature (+ 50°) and silicon film thickness (+ 50 A). All these variations can contribute
up to 300 mV deviation from the nominal Vy,). Therefore for devices resembling those described
in Chapter 3, back-gate biases (Vg) up to approximately + 4 V must be applied to the back-gate
electrode to compensate for this Vy, deviation. The choice of an on chip charge pump circuit for 1
V power supply operation to provide the required Vp is based on efficiency and simplicity. In this
chapter, a charge pump introduced by Dickson [38] is modified to meet the requirements of back-
gate bias generation for low-voltage SOL. The design is guided by SOISPICE simulation. Simula-
tion results show that even if Vr, =-100 mV initially, a pump output of less than -4 V can be sup-
plied to the back-gate electrode to restore a Vo, of 200 mV. In the case of Vy,= 500 mV initially,
the pump output can be greater than +4 V to restore Vr, to the 200 mV target. The circuit design

and simulation results are followed by a discussion of charge pump layout.

41 History of Charge Pump Circuit

Methods of generating a voltage greater than the supply voltage originated with the Cockcroft-Wal-

ton multiplier shown in Fig. 4.1. Its design uses a basic property of the capacitor. If we have a ca-
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Fig. 4.1 Basic Cockcroft-Walton voltage multiplier. Usually implemented with discrete
components such that C>>Cg.

pacitor that is initially charged to a voltage V__ and then we apply to the lower voltage terminal a
constant voltage generator of V., we obtain a voltage of value 2*V_. in the other terminal. (Fig.
4.2(a)). The capacitor in an open loop (i.e. with an infinite impedance load) is equivalent to a dc
voltage source (in our example of value V), or put more simply, it performs a voltage level shift.
However, this does not hold if we have a finite load. More specifically, assuming a capacitive load
Cy with a stored charge according to the sign in Fig. 4.2(b), the final output voltage of the circuit
after the switches have been closed is fixed by the voltage generator plus a voltage due to the final
charge in the capacitor C (Fig. 4.2(c)). This charge is less than the initial one because the capacitor
C loses part of its initial charge on the capacitor C; . The charge redistribution allows a growth in

the C; voltage drop to be equal to the C voltage drop plus V..

It is simple to understand that the final voltage of the circuit in Fig. 4.2(c) is dependent upon the
charge previously stored in Cp (i.e. the initial voltage of C; ). Consequently, if we open the switch-

es, recharge the capacitor C to hold a voltage V., and then close the switches, we obtain a final
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Fig. 4.2 Principal scheme of voltage elevator.
output voltage value greater than the previous one. By repeating these operations many times the

output voltage grows asymptotically to the voltage 2V ..

Historically, the Cockcroft-Walton multiplier has been used to generate voltages greater than those
which could be easily handled by electromagnetic transformers. This is possible since the maxi-
mum voltage across any of the coupling capacitors is only equal to the input drive voltage, regard-
less of the number of multiplying stages. In this type of application, however, the circuit is
implemented with discrete components so that the coupling capacitors can be made sufficiently
large for efficient multiplication and adequate drive capability. This type of multiplier is not usable
in monolithic form since on-chip capacitors are limited to a few picofarads with relatively high val-

ues of stray capacitance to substrate. In practice, it is difficult to generate voltages significantly

s ———————— e ..
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greater than twice the supply voltage, irrespective of the number of multiplying stages. In fact, if
the number of stages is increased beyond a critical number (typically 3 or 4), determined by the ra-

tio of C and Cg, the output voltage actually decreases due to voltage drops in the diode chain.

42 Dickson’s charge pump circuit

A new multiplier circuit shown in Fig. 4.3 was devised by Dickson [38] to overcome these limita-
tions. It operates a similar manner to the classical Cockcroft-Walton multiplier and can be shown
to be an equivalent circuit. However, the nodes of the diode chain are coupled to the inputs via ca-
pacitors in parallel instead of in series, so that the capacitors have to withstand the full voitages de-
veloped along the chain. The advantages of this configuration include efficient multiplication with
relatively high values of stray capacitance, and a current drive capability which is independent of

the number of multiplier stages.

Fig. 4.3 Dickson’s voltage multiplier configuration [38].

Fig. 4.4 illustrates the operation of the circuit, showing the typical voltage waveforms in an N-stage

multiplier. As can be seen, the two clocks ¢ and ¢ are in antiphase with amplitude V¢, and are ca-
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v. Ve Vau VN Vot

Fig. 44 Operation illustration of Dickson’s charge pump[38].
pacitively coupled to alternate nodes along the diode chain. The charge pump operates in a manner

similar to a bucket-brigade delay line, by pumping packets of charge along the diode chain as the
coupling capacitors are successively charged and discharged during half of the clock cycle. Unlike
the bucket-brigade delay line, the voltages in the diode chain are not reset after each pumping cycle
so that the average node potential increases progressively from the input to the output of the diode
chain. This operation is also similar in principle to the "bootstrap" technique often used in MOS
integrated circuits in which a bootstrap circuit incorporates a voltage doubler. However here, the
coupling capacitor is connected to the input clock, unlike in bootstrap circuits where it is connected

to the output.

C e ]
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The difference between the voltages of the nth and (n+1)th nodes at the end of each pumping cycle
is:

|4 -Vv=V

ne1— Vo= Vo' =Vp-V, @.1)
where the voltage swing at each node due to capacitive coupling from the clock is Vg and the for-
ward bias diode voltage is V. V| is the voltage by which the capacitors are charged and discharged

when the multiplier is supplying an output current, Iy T

For a clock coupling capacitance C and stray capacitance Cg, at each node, capacitance division

gives:

,_ _C
Vo' = C+Cg Vo

4.2)

Also considering the charge pumped by each diode in a clock cycle, the voltage V; can be expressed

as a function of output current I as:

Loyt
LT Fcecy @)
Therefore the output voltage for N stages is:
- c Iour
VN_VIN = N[(C-(-Cs) V¢ VD_F-_(_(:_-Q-FSS]-’VD (4.4)

where Vjy is the input voltage and an additional isolation diode is required at the output to prevent
clock breakthrough. Rearranging (4.4), we can write:
Vour = Vo—IourRs 4.5)

where




Chapter 4: Charge Pump Circuit

C
V, = V.-V +N[( )-V —V] “6)
o INT VYD C+Cq ¢ "D
and
N
Re= —m—orn 4.7
ST f-(C+Cy

Vo and Rg are the open-circuit output voltage and output series resistance of the multiplier, respec-
tively. Thus, a simple equivalent circuit of the multiplier output can be constructed as shown in Fig.

4.5.

Rg=N/(C+Cg)f
_N\"\

<> Vo=VINtN(CV/(C+Cs)-Vp)-Vp L
—T Cour Ry

Fig. 4.5 Equivalent circuit of N-stage multiplier.

4¢3 Simulation Results

In this work, the Dickson’s charge pump was used. A control circuit is also provided which turns
on either the positive or the negative pump as required. The complete threshold voltage control sys-
tem is composed of the decision circuits and the charge pumps. As mentioned for the case of a

NMOSFET in Chapter 2, when V', is too low (<200 mV) a negative voltage on the back-gate helps
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to restore V-, back to normal while in the high V1, case (> 200 mV) a positive back-gate voltage
pulls V, back to a reasonable value. Therefore a comparator structure was implemented to com-
pare the threshold voltage to a reference voltage which is in the range of the nominal NMOSFET
Vrq (around 200 mV). If the NMOSFET Vo, is near 200 mV, the pumps are shut down. When
V1q is lower than 200 mV, both comparators are turned on with the one connected to negative
pumps giving positive output to the buffer. This in turn provides clock signals to the pumps while
a NMOSFET at the top of the pumps connects Vgg as the starting point. The positive pump is turned

off by a PMOS device. The detail of the circuit is described in the following sections.

431 The Decision Logic Circuit

The decision circuit is composed of a comparator structure where a current mirror with a load ele-
ment is used to maximize the voltage swing at the output node. The current mirrors used for
NMOSFET circuits and PMOSFET circuits are complementary between the two devices. In this
section, only the NMOS version of the circuit, shown in Fig. 4.7, is described in full. The operation

of the PMOS decision circuit shown in Fig. 4.10 is analogous.

In the circuit of Fig. 4.7, transistors M1 and M2 form a voltage divider generating reference bias
Vet _jow Which is applied to the gate of M5. M5 is the test transistor used to determine whether Vi,
lies below the desired range. M5 is loaded with p-channel transistor M4, which is in turn connected
in a current mirror configuration with M3. M4 operates in saturation, providing a current source
load to MS. The very high differential resistance of the current source ensures that the intermediate
output Vi, 10w Will change rapidly in response to small changes in the threshold of M5. In other
words, the circuit block has high gain. Vm_low is inverted and used to control a logic block which

. ______________________________________ ]
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gates the clocks feeding the negative charge pump.

In this application, the current source is provided off chip. To avoid current noise from the environ-
ment, a current magnitude of 1pA is necessary. However, a reference current of 1A would require
a gate voltage of 500 mV to turn on an NMOS transistor with a 200 mV V,. A decision voltage
Vg is therefoie defined denoting the decision voltage applied at the gate of test NMOSFET. Fig.

4.6 shows an Ip-Vgg characteristic illustrating the difference between Vo, and V4.

Ip

A

IREF = ].[.lA

I0nA | — — — _ _

!
[
[

» VG

1

Vpn=200mV V,4=500 mVv

Fig. 4.6 Ip-Vgg characteristics of NMOS transistor. Vo, and V4 are compared.

In order to adjust the threshold voltage V-, of the test NMOSFET device, a positive back-gate bias
is needed when Vr,, is low (around O mV, in which case V4 is around 300mV). A negative back-
gate voltage is needed when Vr, is high (around 400 mV, where V4 ranges around 700mV).
Therefore, the logic circuit should be able to sense the threshold voltage V4, and activate the cor-
responding charge pump whose output is connected to the back-gate of the test MOSFET. Fig. 4.7

shows the decision circuit. The test transistor is biased by a reference voltage at the gate. The ref-

L~ e
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L
erence voltages are generated on chip by two or three diode connected NMOSFET: in series be-

tween Vpp (1 V) and Vgg (0 V). The voltages are therefore close to S00 mV and 667 mV
respectively. When V4 is lower than 500 mV, both NMOSFETs are off. thus the outputs are
pulled high, activating the negative charge pump and shutting off the positive one. In the case of
V4 between 500 mV and 667 mV, both charge pumps are disabled since none of them are needed.
When the case comes that V4 is beyond 667 mV, positive charge pump is turned om while the

negative pump is left off.

The circuits were simulated by SOISPICE-2, which is a version of SPICE2 modified by research-
ers at the University of Florida and enhanced with a physical model for the fully depleted SOI
MOSFET [39][40]. The physical charge-based model for SOIMOSFET, with parasitic BJT and
other optional features which can be important for the short channel structure are implemented in
SOISPICE-2. The five-terminal (source, drain, front gate, back gate, and body, which normally
floats) model is based on the assumption of a fully depleted film body, including the back surface.
The SOISPICE MOSFET model includes drain, gate, source, silicon thin film (body) and substrate

terminals, and accurately describes floating body effects and back-gate bias effects.

The simulation results of the decision circuits show that the output voltages match expectations un-
der different V4 values. It should be noted that the initial value of V4 was set by arbitrarily ad-
justing the front gate flat-band voltage (Vggp) in the SOISPICE MOSFET model. In the case of the
PMOSFET, the corresponding quantity Vo is adjusted. The values of Vg and V4 correspond-
ing to different values of Vg are shown in Fig. 4.8 and Fig. 4.9 for NMOSFET and PMOSFET

respectively.
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Fig. 4.7 Decision circuit for driving charge pumps (NMOSFET case).
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Fig. 4.8 The corresponding value of V4 to Vggr for NMOSFET.

For a given Vggp, the threshold voltage V4 is extracted by recording I, as a function of Vg for
small Vpg . For NMOSFET, when Ipg starts to grow beyond 1 pA, the corresponding Vg is taken

as Vyg. For PMOSFET, V4 is defined as the gate voltage where Ipg starts to decrease beyond -1

HA.

Table 4.1 shows the voltages at critical nodes under different V4 conditions. For the case of the
NMOSFET circuit, which is shown in Fig. 4.7, Vggg is chosen to give three cases: V4 higher than
700 mV, near 500 mV and lower than 400 mV. The node marked as Vy, ., is the node that should
be pulled high by the decision circuit when V4 is too low (~ 300 mV). Meanwhile, node Vi, 0w b
would be pulled low. When V4 is around 500 mV, neither node Vyy,_joy, nor Voy,_pigp should be

pulled high. For the case of a high Vg (~700 mV), node Vi, p;gp, should be pulled high and node
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Vin_nigh_b pulled low. In SOISPICE simulation, when V4 is low, where a Vggp=-1.1 V is applied

(thus V4 =300 mV) with initial conditions of Vy, 1., at logic 0 and Vin_nigh at 1 (which are oppo-
site the desired values), node Vi, i, is driven high while Vi, piep is pulled low. This result is ex-
actly as expected. Here zero back-gate bias is applied. The logic levels of these nodes will be used

later to trigger the charge pumps to bring up corresponding back-gate voltages.

600 Y T T T T T T

-200f .

Vpd (V)

-600} -

800} 4

_1 000 1 N 1 i e 1 L
04 0.6 0.8 1 12 14 1.6 18 2
VFBF (V)

Fig. 4.9 The corresponding value of V4 to Vgpy for PMOSFET.
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Table 4.1 Logic levels of critical nodes under different V4 and NMOSFET back-gate

bias conditions.
Vesr (V) Vih_tow_b Vin_tow Vih_high Vih_high_b
Init. Cond. (V) 1 0 f 1 0
-1.1 -
V., low Desired (V) 0 1 0 l
VnBkGT =0
Simu. Res.(V) 0 1 0 1
VNBkgT =0
Desired (V) 1 0 0 1
VnBkGT = 44
Simu. Res.(V) 1 0 0 1
VNBkGT = 44
Init. Cond.(V) 0.5 1 0.5 05
0916 X
V.4 normal Desired (V) ! 0 0 1
Simu. Res.(V) 1 0 0 I
Init. Cond.(V) 0 1 0
075 Desired 0 1
Vng high esired (V) 0
VNBkGT =0
Simu. Res.(V) 1 0 1 0
VNBkGT =0
Desired (V) 1 0 0 1
VNBKGT = 4.5
Simu. Res.(V) 1 0 0 1
VNBKGT = 4.5
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Table 4.2 Logic levels of critical nodes under different Vpa and PMOSFET back-gate

bias conditions.
Vese (V) Vin_low b | Vih_tow Vin_nigh Vin_nigh_b
Init. Cond. (V) | 1 0 | 0
1.1 Desire(V) 0 1 0 |
VeskeT =0
Vipa low Simu.Res.(V) |0 1 0 1
VeskGr =0
Desired (V) 1 0 0 |
Vesker =4-5
Simu. Res.(V) I 0 0 1
Veskgr =45
Init. Cond.(V) 0 0 0 0
0916 Desired (V) 1 0 0 1
Simu. Res(V) | 1 0 0 1
Vpd normal
Init. Cond.(V) 0 1 V)
075 Desired (V) 1 0 1 0
VeskoT =0
Vpd high | Simu. Res(V) | 1 0 0 1
Veskgt =0
Desired (V) 1 0 0 1
Vepkor =-4-4
Simu. Res.(V) |1 0 0 1
Veskgr = 44
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Fig. 4.10 Decision circuit for driving charge pumps (PMOSFET
case).
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Fig. 4.10 and Table 4.2 shows the PMOSFET decision circuit and logic values of its critical nodes.
It is essential to know that the decision circuit would turn off after the back-gate of NMOSFETs is
applied with the desired bias for a reasonable period of time. The threshold voltage (or more spe-
cifically V 4) would come back to normal value, and therefore the decision circuit output should

indicate that the charge pumps are not needed any more.

It is shown in Table 4.1 for the case of the NMOSFET circuit that when V4 is low where a Vggp=-
1.1 V is applied (thus V4 =300 mV) and a back-gate bias of -4.4 V is applied, SOISPICE simula-
tion results in both Vpy, oy, and Ve, piop, being low. This means none of the charge pumps would
be triggered. Similar behaviour for both the NMOSFET and PMOSFET decision circuits under var-

ious initial V4 and V4 are all shown in Table 4.1 and Table 4.2 with the expectations met.

More SOISPICE simulations were done for the amplifier gain of decision circuit, with the compar-
ison between the deviation of V4 from the nominal value and the circuit output. Fig. 4.11 shows
the region where decision circuits starts and stops to work for NMOSFET version. It also shows the
gain of threshold voltage deviation. It is shown that the NMOSFET version decision circuit has
higher gain when V4 deviates negatively from nominal value than when V4 deviates positively.

Analogous results can be obtained for the PMOSFET version circuit.

4+3+2 The Charge Pump Circuit

A charge pump structure similar to the one described in the beginning of Section 4¢2 is used as our
main pump. Fig. 4.12 (a) shows the schematic of the four stage positive charge pump. This pump

drains charge from the Vpp supply through p-channel MOSFET M1 connected as a transmission
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Fig. 411 Gain of decision circuit for NMOSFET (a) V,y low (b) V4 high.

gate. The transmission gate is turned on only when the decision circuit concludes that Vy, for the
test MOSFET lies above the target range, and is required since the outputs of both the positive and
negative pumps are connected to acommon back-gate electrode. Without the transmission gate M1,

if the negative charge pump was to be activated, its output would be connected through a chain of

L
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forward biased diodes to the Vppy supply. Based on SOISPICE simulations, for a pump with four
stages, the output voltage can reach up to 5V under IMHz clock frequency with reasonable (~ 100

clock cycles which is about 0.1 ms) pumping time. A plot of V,,,, vs time shown in Fig. 4.13.

The negative charge pump schematic is shown in Fig. 4.12 (b). Working in a similar way but op-
posite direction as in the positive pump, the diodes pump electrical charges from the output node
to Vgg. Therefore, the output voltage goes below 0 V and becomes negative. N channel MOSFET
transmission gate M2 ensures that pump chain is connected to the Vgg supply only when the deci-
sion circuit calls for a negative back-gate bias to be generated. With same four stage scheme and
IMHz clock signal, the negative pump provides output as low as -5 V within similar time frame

taken by its positive counterpart. The SOISPICE simulation results are also shown in Fig. 4.13.

The charge pump circuits described are activated based on the output of the decision circuits. For
a NMOSFET version, diode connected PMOSFETs are used for the negative charge pump while
its pump capacitors are drain-source shorted depletion PMOSFETs. This structure uses the charac-
teristics of PMOSFET since it is always on as a drain-source shorted capacitor when its gate is at a
negative voltage. In order to save space and minimize complexity in layout, diode connected
PMOSFETS are used. Four charge pump stages are used in order to bring enough output voltage to
the back-gate. The drain-source shorted sides of the pump capacitors are connected to clock signals
¢, and ¢, respectively (marked as -ved; and -ved, for negative charge pump circuit). These two
clock signals are generated by logical AND of the decision circuit output V, |, and off-chip clock
signals ¢; and ¢,. Thus when the decision circuit decides to turn on the clock signals, the two clock

signals -ved; and -ved, are generated the same as the original off-chip clock signals ¢, and ¢,.

59



Chapter 4: Charge Pump Circuit

v:-h:%l M1
i I-JL-J

IR

L TT

c2 Pp—

NbRgt

J e

(a) Positive pump, consists mostly of NMOSFETs.

Mz

Vih=low

L LT3

NbRgt

NbRgt € O Q) 1£~ i L)

PbRgt g‘i&&i’k“““&
ckt P g
CLK2 . 4 ‘L l

(b) Negative Pump, consists mostly of PMOSFETs.

Fig.4.12 Schematics of positive and negative charge pumps.




Chapter 4: Charge Pump Circuit

]
-

Negatlve Chargs Pump Output (V)
S T S
( ¥
L 'y 1 1 1

-7 b 4 1 1 L i I} — —l . -

0 0.1 02 0.3 04 0.5 0.6 0.7 o8 09 1
Simulation Time (s) x10~°
7 T T T —T my T T T E—f
sr 1
— 5 - -
=2
s
a
=2
o
ger )
2
a
©
g
59| )
©
2
g, .
1r J
o L 1 Ja— 1 1 L ) 1 1
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 09 1
Simutation Time (s) x10”

Fig. 413 SOISPICE simulation results (V,,, vs time) of positive and negative
charge pumps.

e .
61




Chapter 4: Charge Pump Circuit

At the same time, the first isolation NMOS is turned on by a high Vi, |5, signal thus providing
ground voltage to the first diode of the negative charge pump. In the case of a low Vy, |, signal,
the two regenerated clock signals -ve¢ and -ved, are all low, in addition, the isolation NMOSFET
is tumned off by the low Vy, ., signal to prevent contention between the positive and negative

charge pumps.

For the positive charge pump, ten stages of diode-connected NMOSFETs are used. The pump ca-
pacitors are drain-source shorted NMOSFETS too since their gates are always at higher voltages
than Vpp (1V). The clock signals of the pump are marked as +ved; and +ve¢,, standing for the
clock signals for the positive charge pump circuit, which again are logic AND of the decision circuit
output Vi, pion and off-chip clock signals ¢, and ¢,. The regenerated clock signals +ve¢; and
+ved, are both low in the case of a low decision circuit output Vi, p,;0p, and are the same as off-chip
clock signals ¢ and ¢, when Vi, pigp is high. There is a PMOSFET transmission gate at the top of

the diode chain as an isolation transistor whose gate is connected to Vd,_high and source to Vpp.

SOISPICE simulations were also conducted on the tolerance of V.4 for positive charge pump and
Vpq for negative charge pump. Since the positive charge pump is mostly composed of enhance-
ment and depletion NMOSFETs, the pump output was recorded with V4 varying above and below
the nominal value of SO0 mV. For the case of the negative pump, the PMOSFET is the dominant

device and thus the pump output vs Vp4 was recorded. Fig. 4.14 below shows the results.

From Fig. 4.14 we find that the output of the positive charge pump decreases as V4 deviates away

from its nominal value (~ 500 mV), while the maximum output is obtained when V4 is close to
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Fig. 4.14 Charge pump tolerance of threshold voltage deviation for the case of positive
and negative charge pumps.
its nominal value. For the case of the negative charge pump, when the magnitude of Vo4  goes
higher than the nominal value of 480 mV, its output decreases in magnitude. However, when Vpy
goes in the other direction, its output voltage increases in magnitude until Vo4 reaches O mV. The
output then drops drastically since the PMOSFETS are leaking and cannot hold the charge any

more.
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433 The Complete Threshold Voltage Control System

The assembled circuit is composed of the decision circuit described in the previous section and the
charge pump circuits. As mentioned before, two on-chip reference voltage generators are imple-
mented by using in-series-diode-connected NMOSFETs which provide reference voltages of 500
mYV and 667 mV respectively. The two clock signals ¢, and ¢, are generated offchip. The current
source is again provided by an offchip current generator which provides 1A current to the test
MOSFET through a bonding pad. The outputs of the positive and negative charge pumps are con-
nected together and used as back-gate bias to all the NMOSFETSs. As a result, when Vy, is too low
or too high, the output of the charge pumps can provide correcting back-gate-bias to all the NMOS-
FETs, causing the charge pump to work better when the diode-connected MOSFETSs have the cor-
rect Vi As to the PMOSFETSs used in the NMOSFET version circuit, their back-gate bias is
controlled by an off-chip voltage source to guarantee that all PMOSFET:s are in the right range of
threshold voltage. This way, the complexity of the circuit is reduced, and one needs to only focus

on the Vy;, adjustment of one transistor type.

The NMOSFET version of the complete threshold control system is shown in Fig. 4.16, while Fig.
4.17 shows its PMOSFET counterpart. Following the same SOISPICE approach, we simulated the
circuits under three different Vy, initial values controlled by setting of Vggg, both for NMOS and
PMOS version of the circuits. The simulation results show that for the NMOS version circuit when
Vod is low, the negative pump is turned on to generate negative back-gate bias which starts to pull
V.4 back to its normal value of around 500 mV. However, because SOISPICE is not a commercial
simulation tool, major problems of convergence occurred with the simulations. Only part of this

simulation is available. All the other cases failed to converge. Fig. 4.15 displays the simulation re-
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sults in the form of V,,, i.e. the back-gate bias and pump output, versus time under low V4 initial
value for NMOSFET version of the circuit. It is shown that the output voltage oscillates toward a
negative value. This is an expected result for the complete NMOSFET version of the circuit when

Vid s initially low,.

0-1 L ¥ 1 i L ] ¥ T

Output of complete NMOSFET version circuit (V)

"'0.6 1 o | — 1 1 1 'l L

02 04 0.6 0.8 1 12 14 1.6 1.8

Fig.4.15 Simulation results in the form of V,, vs time under low V4 initial value for
NMOSFET control system for Fig. 4.16.
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44 Circuit Layout

Complete threshold voltage control systems for n- and p-channel transistors were laid out using the
L-Edit version 5.6 editor. For this task to be completed, a full layout environmeat for the FD-SOI
technology had to be developed, including design rule checking and circuit extraction. To minimize
the number of photo masks which had to be generated and the number of photolithography steps
required in processing, the back-gate electrode implants were done through the p-well and n-well
masks. This approach requires that two separate back-gate implants be carried out, one for the n-
channel and one for the p-channel transistors. This scheme was followed since implant steps are

relatively inexpensive compared to photolithography steps.

The eight photo masks required are listed below in the sequence in which they are used:

e The device well mask, which is used to pattern the silicon film into active regions by mesa etch-
ing.

e The n-well and p-well masks, which are used to determine which active regions receive n- and
p-well implants. These masks also define the areas receiving the back-gate electrode implants.

e The poly mask, which patterns the polysilicon gates.

e The n* mask, which defines the areas receiving the heavy n* source/drain implant.

¢ The buried contact mask, with opens a window through the buried oxide to the back-gate elec-
trodes prior to the p+ source/drain implant. This minimizes the resistance of contacts to the
back-gate electrode.

» The p* mask, which defines the areas receiving the heavy p* source/drain implant.

* The contact mask opens window through the BPSG to allow metal to contact source, drain and

gate regions.
e
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e
e The metal mask, which is used to pattern the single layer of aluminium metalization.

Two derived layers are used for extraction and design rule check. These are the depletion pmos
and depletion nmos layers. As described in Section 4¢2, the pump capacitors in charge pump cir-
cuits are source-drain shorted PMOS and NMOS transistors. In order to ensure that an inversion
layer is always present to form the capacitor plate, depletion PMOS and NMOS transistors are used,
and the channel area is therefore n-well for the depietion NMOSFET and p-well for the depletion
PMOSFET. Since the extractor would not be able to recognize this type of transistor, two special
layers of depletion pmeos and depletion nmeos are introduced, which in actual processing revert to
p-well and n-well regions respectively. With these new layers, the extractor can recognize the de-
pletion source-drain shorted capacitors and interpret them as source-drain shorted depletion PMOS

and NMOS transistors (i.e. pump capacitors). Table 4.3 lists all the basic layers and derived layers.

Table 4.3 Basic layers and derived layers of circuit layout.

Layer Description
Device Well (Basic) | Boundary of active region, should combine with N* or P*
N-Well (Basic) | Boundary of N type lightly doped region
P-Well (Basic) | Boundary of P type lightly doped region
p* (Basic) | P* region, gives P active when overlapped with Device Well
Metal (Basic) | Aluminium metal layer, the only metal layer used
Poly (Basic) | Polycrystalline Si layer for transistor gates
Contact (Basic) | Connecting metal to gate or metal to active region

Buried Contact (Basic) | Connecting buried back gate layer to metal

N* (Derv.) | =Not P*is N*. N* region.

Depletion PMOS (Derv.) | =P-Well. Depletion PMOS P-Well region.

Depletion NMOS (Derv.) | = N-Well. Depletion NMOS N-Well region.

Active Contact (Derv.) | =Contact & Device Well. Contact for source and drain.
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Table 4.3 Basic layers and derived layers of circuit layout.

Layer Description

Poly Contact (Derv.) | =Contact & Poly. Contact between Metal and Poly.
Buried Contact (Derv.) | = Contact & Not Device Well & Not Poly.

Buried Layer (Derv.) | =P-Well or N-Well.

Channel (Derv.) | = Device Well & Poly.

There are special considerations in the layout of charge pump capacitors. According to analysis, the
effective capacitance is the gate capacitance of the capacitor while there is parasitic capacitance be-
tween the wiring leading to the gate and the substrate. The parasitic capacitance shares the charge
with the effective capacitance, thereby decreasing the efficiency of the pump. Interconnections be-
tween the diode connected MOSFETs are therefore as short as possible to minimize parasitic ca-
pacitance. The pump capacitance is maximized by shaping the device well of the source-drain
shorted MOSFETS to a tall slim rectangle perpendicular to the diode direction. In this way, both

maximum effective capacitance and minimum parasitic capacitance are obtained.

The layout was constructed in a hierarchical way: subcircuits such as reference voltage generators,
decision circuits logic gates and charge pumps were constructed first. Test versions of these sub-
circuits with input and output metal testing pads were generated and extracted for simulation pur-
poses. After simulation and functional verification, the subcircuits were assembled and
interconnected by metal and poly lines. It is a practice in the layout that horizontal connections use
metal and vertical ones use poly resulting in lower complexity and higher regularity. In the assem-
bled circuit layout, fifteen probing pads are connected to all inputs, outputs and.critical nodes. The
inputs include: Vpp, Vgs, Iier, ©; and @, as clock signals for the charge pump. The back-gate bias

pad PBKGT for PMOS transistors is an input in the NMOS version of the circuit to allow independ-
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ent testing of the n-channel and p-channel control circuit. The charge pump output pad of the

NMOS version of the circuit allows probing of the back-gate bias NBKGT applied to the NMOS
transistors. Probing pads for the purpose of looking into the circuit are: Vs pigh and Vg 1oy for
the two on-chip generated reference voltages; Vi _jow and Vi piep for the output of decision cir-
cuits, their logic complementary node are probed by pads Vy, pigh n and Vi, jow_p: -ve_ Py and -
ve_®, for the two clock signals generated by the decision circuit for negative charge pump and
+ve_ @ and +ve_®, for the positive pump. Therefore there are a total of 17 pads on the assem-
bled circuit. For testing with a wafer prober, six of these pads are essential inputs, while at least one

additional probe is required to sequentially examine the various output.

The L-EDIT layout diagrams for both NMOS version and PMOS version of the complete circuits
are shown below in Fig. 4.18 and Fig. 4.19. As described before, eight masks were made for this
layout: Device well, N-well , P-well, P*, Metal, Poly, Contact and Buried-Contact. Finished

devices are not yet available for testing as fabrication of the chip is still under way.
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45 Scaling Down To 0.25um Technology

The charge pump circuit discussed in this Chapter is based on 1um technology. It would be of in-
terest to determine how this circuit would fit into the future generation of technologies, for exam-
ple, the presently commercially available 0.25 um technology. A major concern is how much pump
output this circuit would give. For the charge pump circuit structure shown in Fig. 4.12, the largest
voltage appears across the gate oxide of the capacitor-connected NMOSFET or PMOSFET at the
very end of the pump chain. Each device has its gate connected to the pump output and its source

and drain grounded.

The gate oxide scaling limits were examined in [41] with respect to time-dependent breakdown,
defects, plasma process damage, mobility degradation, poly-gate depletion, inversion layer thick-
ness, tunnelling leakage, charge trapping and gate delay. The operating field was projected to stay
around SMV/cm for reliability and optimum speed. In the 0.25 um technology generation, the gate
oxide thickness might be as small as 4.5 nm [41] which would give us a 2.5 V maximum voltage
and limit the charge pump output to approximately + 2.5 V. Assuming that the front gate and back-
gate oxide thicknesses are in the same ratio in the 0.25 um technology as in the 1 pm technology,

a maximum threshold voltage variation of approximately + 200 mV could be accommodated.
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CHAPTER 5§
Electrical Characterization of

Experimental Devices

This chapter describes the electrical characterization of experimental devices. Tests were carried
out on MOSFETs with gate lengths of 5 pum and widths of 25 um. None of the devices had well
contacts in the silicon thin film, so of necessity the well was floating. Parameters such as

threshold voltage, subthreshold swing and AV;/AVg were recorded. The results compared

favorably to the simulations.

S¢1 Subthreshold Characteristics

Test device electrical characteristics were recorded with an HP4155 Semiconductor Parameter

Analyzer. Typical subthreshold characteristics are shown in Fig. 5.1. At Vg = 0 the subthreshold
swing is 65 mV/decade and AV /AVg is 90 mV/V, in reasonably good agreement with

SUPREM3 simulation (see Fig. 3.4), while Vy, is slightly below the nominal target of 200 mV.

Threshold voltage Vy;, values under both dark and light conditions are listed in Table 5.1. Vy;, was
determined by finding the tangent to the linear region of the Ip-Vg characteristic at the point of
peak transconductance, and taking the intercept of this tangent with the Ip = 0 axis. Provided the

test device is kept in total darkness, the subthreshold characteristics agree well with those shown

in Fig. 3.4 for the case in which the silicon film remains fully depleted of holes.

75



Chapter 5: Electrical Characterization

—

A

) S—

DRAIN CURRENT

GATE BIAS (V)

Fig. 5.1 Subthreshold characteristics for experimental back-gated NMOSFET. L
=5 um, W =25um, 1 pm generation structural parameters. Characteristics
are shown for the device in total darkness, and exposed to light from prober
microscope.

In order to study electrical characteristics for the case of equilibrium majority carrier
concentrations, it is necessary to provide a supply of majority carriers to the thin silicon film.
This can best be accomplished with a "T-gate” MOSFET structure of the kind shown in Fig. 5.2.
In a T-gate n-channel MOSFET, the channel is attached to a region of the device well heavily
doped p-type. An ohmic contact is supplied to this p-type region, effectively serving as a body
contact to the silicon thin film. The MOSFET then becomes a five terminal device with contacts
to drain, gate, source, substrate (back-gate) and thin film body. Under normal bias conditions in a

fully depleted SOI NMOSFET, no holes are present in the silicon thin film. However, if biases
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are applied which make it energetically favorable for holes to enter the film, they can readily be

supplied from the body contact.

Fig. 5.2 "T-gate" MOSFET structure laid out by LEDIT.

T-gate MOSFETs were not available here since test devices were fabricated in an nMOS-only
process (no p+ implant was available). To approximate the characteristics which could be
obtained with equilibrium majority carrier concentrations, holes were supplied by illuminating
the device with light from the prober microscope.

00—
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Table 5.1 Threshold voltage dependence on back-gate bias for NSOIMOSFET

experimental device
Dark Case Light Case
Vg(V) Vin(mV) Vg(V) Vi(mV)

-10 836 -10 618
-9 757 -9 609
-8 677 -8 598
-7 596 -7 567
-6 514 -6 508
-5 432 -5 430
-4 349 -4 348
-3 264 -3 264
-2 177 -2 177
-1 88 -1 88
0 -6 0 -6
1 -104 1 -104
2 -202 2 -203
3 -301 3 -301
4 -398 4 -398
5 -493 5 -494
6 -586 6 -587
7 -678 7 -680
8 -769 8 -769
9 -857 9 -858
10 943 10 -946
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.
Exposure to light from a microscope attached to the wafer prober provided a sufficient carrier gen-

eration rate to allow the hole population to reach equilibrium values, leading to the formation of a
backside accumulation layer and severe degradation of S for Vg = -10 V, as predicted by
SUPREMS3. Table 5.1 also reveals that with Vg less than -5 V, the back gate electrode threshold
control ability is far less under illumination than in dark. For Vg = 10 V extreme subthreshold leak-
age which cannot be controlled by the front gate is apparent. SUPREM3 predicts this leakage re-
sults from formation of a backside inversion layer and front side accumulation layer in the channel

region.

5¢2 Drain Characteristics

Fig. 5.3 shows the Ip- Vg characteristics for Vg = 2 V for the device of Fig. 5.1, for Vg =0 and
Vg = -10 V. The ability of the back-gate electrode to modify the characteristics is once again
apparent. For Vg = -10 V, an unusual "kink" is visible in the characteristicat Vp =2 V, which
is not present for Vg = 0. The kink is believed to result from the onset of a weak avalanche in

the drain region. The weak avalanche supplies the holes required to form a backside

accumulation layer, which in turn blocks the ability of the back-gate electrode to control Vy,. As
the accumulation layer builds Vy, falls, increasing Ip. The presence of the kink illustrates that

thermal generation is not the only mechanism which can lead to the formation of a hole

accumulation layer in an initially fully-depleted silicon film in a practical circuit.
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Fig. 5.3 Drain characteristics for device of Fig. 5.1. Vg =2V, Vg=0and -10 V.

53 Effective Channel Mobility

Fig. 5.4 shows the dependence of the linear region Iy - Vs and transconductance characteristics
for the device of Fig. 5.1 on Vg. Given the gate oxide thickness, the effective channel mobility

can be obtained from the transconductance characteristics. As Vg is made more negative to raise
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T —
Vi the electric field at the silicon film surface is increased, reducing the effective electron

mobility W, ¢ in the channel and lowering the peak transconductance. Measurements on a device

with Lg = 25 um showed W, ¢ drops from approximately 700 to 650 cm?V-Ist as Vg is swept

from+2to-2 V.
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Fig. 5.4 Linear region and transconductance characteristics for device of Fig. 5.1 for
different values of back-gate bias.
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CHAPTER 6

Conclusions

61 Conclusions

This thesis has extended earlier studies of threshold voitage control in implanted back-gate FD-SOI
MOSFETs by examining physical limitations on the range of Vy, control which is possible with this
structure. Numerical simulation has ailso been used to study the dependence of AV, /AVg (the
threshold sensitivity to back-gate bias) on buried oxide and gate oxide thickness, silicon film thick-
ness, and back-gate electrode doping. This work has been carried out primarily using the 1-dimen-
sional Poisson equation solver in SUPREM3, with some additional simulation using MEDICI to

study short channel effects. Results were reported in Chapter 3.

For a typical SOI MOSFET from a 1 yum technology generation, with a buried oxide thickness of
350 nm and front gate oxide thickness of 25 nm, AV /AVp =70 mV/V. AV,/AVg can be increased
by using a thinner buried oxide, but only at the expense of increased parasitic capacitance and sub-
threshold swing. Further increasing AV,,/AVg does not increase the useful range of threshold volt-
age control. For n-channel devices, it has been found that the maximum useful negative bias which
can be applied to the back-gate electrode is limited by formation of an accumulation layer of holes
on the backside of the silicon film. Once the accumulation layer forms the MOSFET behaves like
a bulk or partially depleted device, and back-gate control of V,, is lost. The maximum useful pos-
itive bias is found to be limited by formation of a backside inversion layer which also blocks the
back-gate Vi, controllability. Overall, the useful range of back-gate bias is approximately +5 V,

providing a Vy;, adjustment range of approximately +300 mV.
L 0 e
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Simulation was used to determine whether the implanted back-gate structure would still be useful

in the 0.25 um technology generation. It was found that values of V; and S in the 0.25 um gener-
ation similar to those found in the 1 um generation can be obtained provided the ratio of front gate
to buried oxide thickness is help roughly constant as the technology is scaled down. It was noted
that reduction of the buried oxide thickness in this way is already common practice amongst SOI

wafer vendors.

The conclusion reached in Chapter 3 was tested by measuring the electrical characteristics of ex-
perimental devices fabricated in earlier work in this topic. Satisfactory agreement between theory
and experiment was found in the measured values of AV/AVg and S, and in the range over which

Vi could be adjusted.

The main contribution of this thesis is the design of a complete threshold voltage control system for
FD-SOI CMOS incorporating implanted back-gate electrodes. The threshold control system in-
cludes a decision circuit to activate the charge pumps which supply bias to back-gate electrodes and
bold Vy;, within range. Design of the charge pumps presented a considerable challenge due to the
necessity of generating output voltages considerably larger in magnitude than the supply voltage in
order for the system to be useful for 1 V supply operation. This challenge was met by adopting the
charge pump design of Dickson [38], and paying careful attention to the minimization of parasitic
capacitance. Depletion nMOS transistors required for pump capacitors were formed in n-well re-

gions, requiring no extra processing operations.

Complete threshold voltage control systems for both n- and p- channel transistors were laid out us-
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ing LEDIT and submitted for processing in Carleton’s Microelectronic Fabrication Facility. Fin-

ished circuits are not yet ready for testing. In the absence of an experimental test, L-EDIT was used
to extract the circuit for the layout. The extracted circuit was extensively simulated with SOISPICE.
The SOISPICE simulations predicted that all the basic building blocks for the control systems
should be functional. It was found that the n-channel control system should be able to return V, to
a nominal value of 200 mV starting from initial values ranging from -100 mV to +500 mV. Similar
results were found for the p-channel control system. The charge pumps should be able to provide

output voltages of up to +5 V for 1 V supply operation.

The main obstacle in scaling charge pump threshold voltage control systems to the 0.25 pm gener-
ation and beyond is expected to be breakdown of the gate oxide in the pump capacitors. For exam-
ple, the maximum voltage which can be sustained across the gate dielectric in a 7 nm gate oxide

thickness, which might be encountered in the 0.25 pm generation, is just 2.5 V.

6°2 Recommendations for Further Study

Given the convergence difficulties in SOISPICE simulations, there is still much to be done to deal
with the SOISPICE simulation of complicated SOI MOSFET circuits. One possible solution might
entail the development of approximate models in HSPICE for simulation convergence. In addition,
testing of the fabricated circuits should be conducted to compare with the SOISPICE simulation
results as the continuation of this work. Testing of "T-gate" MOSFET structures described in Chap-
ter 5 would directly compare the threshold voltage controllability between fully depleted and partial

depleted SOI MOSFETs.
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