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ABSTRACT OF THE DISSERTATION

Optimization of CMOS for High Performance,

Low Temperature Operation

by

Clifford Y.C. Hwang
Doctor of Philosophy in Electrical Engineering

University of California, Los Angeles, 1999

Professor Jason C.S. Woo, Chair

Interest in the operation of CMOS at low temperature has grown steadily in
recent years, especially in light of the increasing challenges in device design and
manufacturing at deep-submicron dimensions. Numerous improvements in device
and circuit performance are possible at lower temperatures. However, several ob-
stacles stand in the way of implementing low temperature CMOS for mainstream
applications. In this dissertation, design methodologies for maximizing the perfor-
mance of low temperature CMOS will be presented. First, the limits of conventional,
room temperature CMOS at low temperatures will be identified. Both carrier freeze-
out and threshold voltage shifts significantly reduce the expected improvement from
300 K to 78 K.

After identifying the problems with conventional CMOS at low temperatures,
TCAD simulation tools will be used to redesign the devices for better performance.
A step by step procedure will be presented to fit measured I-V characteristics to

MEDICI, a device simulator. Proper calibration can be easily achieved by changing

XX



some of the modeling parameters to reflect the change in operating temperature.
Less than 5% error between simulation and measurement results is obtained for a 1
pm CMOS process.

With properly calibrated simulation programs, new device designs for low tem-
perature operation can be tested and evaluated. Simply readjusting the threshold
voltage will lead to significant improvement on the device and circuit level without
an increase in off-state leakage. Freezeout effects can also be eliminated by moditying
a few process steps used to make conventional CMOS. Additional re-engineering of
the channel and gate will further improve performance. In order to demonstrate the
effectiveness of these changes, transistors and circuits have been fabricated. When a
proper threshold voltage is used, the current drive doubles at 78 K. By retrograding
the profile in the channel region, additional improvement in mobility at low temper-
ature can be achieved. Carrier freezeout can be minimized by increasing the dose of
the LDD implant and switching to p™-poly PMOS. A 2x to 3x drop in propagation
delay is demonstrated when all of these changes are implemented. With such im-
provements even at deep sub-micron dimensions, temperature should be considered

as an additional factor in scaling CMOS for high performance applications.
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Chapter 1

Introduction

1.1 Background

The electronics industry today continues to advance at an incredible rate. Almost
every month, newer and faster computer chips are introduced to the consumer. To
obtain higher performance, smaller MOS devices are needed. However, as minimum
device dimensions approach the deep submicrometer regime, greater challenges have
been encountered. Manufacturing limits are being approached in linewidth resolu-
tion, gate oxide thickness, and junction depth. In addition, the cost of developing
each successive generation of CMOS continues to increase. Instead of scaling down
the channel length, the operating temperature can be reduced to improve the per-

formance of an already existing technology.



There has been ongoing interest in low temperature CMOS since the mid-1970’s.
By lowering the operating temperature of a device, numerous performance improve-
ments are possible. Carrier mobility, current drive, metal conductivity, and latch-
up suppression increase, while subthreshold slope and parasitic capacitances de-
crease [1]-[2]. A 3x improvement in digital circuit performance at 77 K has been
shown in the past [3]. Since thermal noise is lower at low temperatures, improved
analog RF performance is expected. In fact, recent advances in the performance
and reliability in cryogenic cooling systems have opened up the possibility of us-
ing low temperature electronics in cellular base stations [4]. Having the freedom
to reduce the operating temperature allows for greater flexibility in designing high

performance CMOS for analog or digital applications.

1.2 Motivation

Although low temperature CMOS shows better performance versus room temper-
ature operation, several key issues remain unresolved. The amount of improve-
ment at short channel lengths can be minimal. In addition, carrier freezeout and
the increase in threshold voltage at low temperatures limit the increase in current
drive. The necessity of a cooling unit prevents the use of low temperature CMOS in
portable, low-power applications. Furthermore, device reliability is known to worsen
as the temperature decreases [5]-[6]. Design methodologies for obtaining high perfor-
mance, low temperature CMOS have been proposed [7], but actually implementing

the strategies is unclear.



Clearly, a better understanding of the advantages and limits of low temperature
CMOS is needed before temperature can be accepted as a means of enhancing device

performance. The objectives of this work are summarized below:

1. To quantify CMOS device and circuit improvement versus temperature down
to deep-submicron dimensions. A wide range of temperatures (343 K to 78
K) will be used. Calculation of the maximum improvement achievable at low
temperature is highly desirable, especially for the very small dimensions which

will be used to design next-generation computer circuits.

2. To understand what limits low temperature performance and propose ways of
minimizing their effect. The factors that limit device performance at room

temperature are not necessarily similar at low temperatures.

3. To determine what changes need to made to an existing, room temperature
CMOS technology so that maximum low temperature performance is achieved.
Keeping a similar process flow reduces the introduction of significant process-

ing or design problems.

1.3 Organization

This dissertation is organized into the following chapters. The performance and
reliability of conventional, room temperature CMOS at low temperature is shown
in Chapter 2. Although there is better device performance, improvements on the
circuit level are very poor. Due to enhanced hot carrier degradation, lower operat-
ing voltages are required at lower temperatures, further reducing the performance

improvement possible.



After noting the limitations of room temperature CMOS at low temperature,
Chapter 3 presents a step-by-step procedure for calibrating TCAD device simulation
tools to measurement results at low temperatures. This curve fitting is necessary so
that accurate redesign of CMOS for high performance, low temperature operation
is possible. By adjusting the temperature dependent modeling parameters, a very
good fit in the I-V characteristics across channel length and temperature can be
obtained.

If low temperature CMOS is to be implemented for mainstream applications, the
most logical and economical approach will be to modify an existing, room temper-
ature CMOS technology. The steps in the process flow that need to be modified for
maximum performance at low temperature are addressed in Chapter 4. Although
only a few steps are modified, simulations show significant performance improvement
at low temperatures.

Chapter 5 shows results for devices and circuits designed for low temperature
operation. Using retrograded profiling in the channel, a significant improvement
in performance is possible at low temperatures due to the further enhancement in
mobility. Along with proper threshold voltage design, a reduction of 2x in delay is
easily achieved at sub-micron dimensions.

Finally, in Chapter 6, the results of this dissertation are summarized and sug-

gestions for future work are presented.



Chapter 2

Performance and Reliability of
Conventional CMOS at Low

Temperatures

2.1 Introduction

Lowering the temperature of an MOS device results in better current drive and
subthreshold slope. To illustrate these enhancements, measurements made on de-
vices designed for room temperature operation will be presented in this chapter.
Although improvement can be seen, the actual amount is minimal, especially at the
circuit level. The factors that lead to this poorer than expected performance will
be explained in detail.

Along with the performance data, reliability results will be shown for the same

devices at temperatures of 78 K, 150 K, and 218 K. Due to enhanced hot carrier



degradation, a lower supply voltage will be required at lower temperatures, further

limiting the improvement.

2.2 Low Temperature Performance

2.2.1 Device and Setup Details

NMOS and PMOS transistors fabricated from a 1 pm CMOS process were used
in this study. The gate oxide thickness was 150A, and the devices were designed
for room temperature operation. Using a computer controlled HP 4142B connected
to a temperature controlled Lakeshore Cryotronics dewar, [-V characteristics were
measured at temperatures of 343 K (70°C'), 300 K, 218 K (the freezing point of

C'03), 150 K, and 78 K (the boiling point of V).

2.2.2 Measurement Results

Figure 2.1 shows the linear [4-V); characteristics of a 25 pum x 25 pm NMOS
transistor at different temperatures. Higher drain current and more rapid turn-
off characteristics are evident as the temperature is reduced. The improvement
in subthreshold slope allows for a lower threshold voltage without an increase in
off-state current.

Short channel, saturation current characteristics for NMOS and PMOS devices
are shown in Figure 2.2. Although current drive increases as the temperature is
reduced, the amount of improvement reduces for each successive drop. This is

especially true for the PMOS devices. The improvement in saturation current across
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Figure 2.1: I;,-V,, characteristics of a 25 pm x 25 pm NMOS device at 300 K, 218
K, 150 K, and 78 K.

1.0e-02 —
| o—oT=343K s
c—oT=300K
L —8aT=218K o
75e-03 - ~—AT=150K ’AAAAAA--
z e xT=T8K £ ncnad
e K &5
8 %
E 7 iy © < N AeA <
e 506-03* ‘eeévv' D
5 L v o & <
O %
c PMOS P4
g ) |
@] S ] ]
2.5e-03 & / / |
t @ P W =25 um |
n L=0.9um
D
L Vgs=3v
0.0e+00 : ! ‘ ‘
-3 -2 -1 0 1 2 3

Drain Voltage (volts)

Figure 2.2: [4,-Vys characteristics of a 25 pm x 0.9 pm NMOS device at 343 K, 300
K, 218 K, 150 K, and 78 K.



100
7 Improvement = 100 x [ (Idsat - Idsat @ 300 K) / Idsat @ 300 K ]

90 |
r C—0OT=218K Filled: NMOS

80 [ B—HT=150K Hollow: PMOS
[ A—AT=77K

60 |

40 ¢

30 |

% Idsat Improvement (vs. 300 K)
a1
o

10 |

Vds=Vgs=3v
0 L I I I I ]
0.75 1.00 1.25 1.50 1.75 2.00

Drawn Channel Length (um)

Figure 2.3: Improvement in drain saturation current versus drawn channel length
for different temperatures. The data has been normalized to measurements at room
temperature.

channel lengths is illustrated in Figure 2.3. Percentage improvement in saturation

current is defined as:

Lysar at ow temperature

Lysar at 300K

~1) (2.1)

Improvement = 100 (

Thus a 100% improvement corresponds to a 2x increase in current drive. At
78 K, the short channel PMOS saturation current improves by only 12% compared
to room temperature results. In fact, the improvement at 150 K is higher (16%).
Since most circuitry uses short channel lengths for high current drive and low input
(gate) capacitance, low temperature operation appears to be an unattractive means

of improving performance.
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Figure 2.5: Simulated waveform for a 41 stage, 1 pm ring oscillator at 300 K. The
power supply voltage is 5 v.

waveform and dividing by twice the number of stages. Propagation delays at 300 K

and 78 K are shown in Figure 2.6. Defining percentage delay improvement as

de ay at 300K

de ay at ow temperature

~1) (2.2)

Improvement = 100 (

the improvement in propagation delay can be studied at different operating temper-
atures (Figure 2.7). A 100% improvement corresponds to a 2x reduction in delay.
Looking at Figure 2.7, only a 1.5x improvement in delay is possible at best. This
amount is very optimistic because in order to avoid enhanced hot-carrier degrada-
tion and to ease cooling requirements, a low power supply voltage is necessary at

low temperatures.
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Figure 2.6: Simulated propagation delay per stage versus power supply of a 41 stage,
1 pum ring oscillator at 300 K and 78 K.

2.3 Performance Limitations at Low Tempera-

ture

The factors that hinder performance with reduced operating temperature will be
discussed in this section. By minimizing these effects, high performance, low tem-

perature CMOS devices and circuits can be realized.

2.3.1 Threshold Voltage Shift

Figure 2.8 shows the threshold voltage as a function of temperature. The increase
in threshold voltage at lower temperatures results from the shift in the Fermi level.

Assuming a non-degenerate p-type semiconductor, the Fermi energy is given by

11
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Figure 2.8: Threshold voltage versus temperature for a 25 pm x 1 pum device. A
constant 250 nA drain current is used to define V.

—+ L, 2.3
. (2.3)

where N, is the density of states in the valence band, Ny is the ionized impurity
density, and F, is the valence band energy. At lower temperatures, the first term
of (2.3) is lower. Therefore, the Fermi energy shifts closer to the valence band and

away from the midgap, or intrinsic energy, F;. Since the threshold voltage requires

that the bands bend by 2¢, where

¢y = |E; — By (2.4)
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more band bending is necessary at lower temperature. Therefore, the applied gate
bias, or threshold voltage in this case, must increase. A similar argument holds if
the semiconductor is n-type.

The increase in threshold voltage at low temperatures limits the improvement
in current drive under the same bias conditions. This shift is especially undesirable
because of the reduction in subthreshold slope. By taking the Vj, increase into

account in device design, better performance can be achieved.

2.3.2 PMOS Carrier Freezeout

Looking at Figure 2.8, the threshold voltage for the PMOS devices increases at a
faster rate than the NMOS devices. This can be attributed to freezeout of the boron
dopants in the channel. Figure 2.9 shows the band diagram for an n*-poly PMOS
device with a gate bias near the threshold voltage. The amount of dopants that
ionize is given by

N
Ny=——4 (2.5)

¢(Ea—Ey)

14 e—#7

where N, is the concentration of dopants in the channel, and F, is the acceptor
level for boron. At lower temperatures, the exponential term becomes larger, which
reduces the effective concentration of the channel (N ). As a result, the threshold
voltage increases at a greater rate as the temperature is lowered. This phenomena
does not occur for a boron doped NMOS device because the bands bend in the
opposite direction (Figure 2.10), and the difference between £y and F, is large.
Freezeout in the PMOS channel also degrades the subthreshold slope (Fig-

ure 2.11). This is because the exponential term in (2.5) becomes more sensitive

14



Figure 2.9: Energy band diagram for an nt-poly PMOS device biased near the
threshold voltage. Boron is implanted into the channel in order to have a proper
threshold voltage.
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Figure 2.10: Energy band diagram for an n™-poly NMOS device biased near the
threshold voltage.
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Figure 2.11: Subthreshold slope versus temperature for a 25 pm x 1 pm device.
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Figure 2.12: Energy band diagram in the LDD region of an NMOS device.

to changes in Ey — E, as the temperature decreases. The ionized concentration
begins to vary, depending on applied gate bias or amount of band bending (i.e.
FE; — F,). And since subthreshold slope is a function of the doping concentration,

the subthreshold slope degrades.

2.3.3 LDD Freezeout

Freezeout not only worsens the PMOS characteristics near threshold, but also de-
grades both NMOS and PMOS current drive. Figure 2.12 shows the band diagram
along the lightly doped source/drain (L.DD) region of an NMOS device. The con-

centration of dopants that will ionize and give up free electrons is given by



where Np is the concentration of n-type dopants in the LDD region, and Fj is the
donor level. At room temperature, the Fermi level is typically below the donor level
so that full-ionization occurs. As the temperature decreases, E; moves toward the
conduction band, E.. When the Fermi level crosses over £, the exponential term
becomes significant and freezeout occurs. A similar argument holds in the PMOS
LDD region.

For high doping concentrations, freezeout does not occur due to bandgap nar-
rowing. The conduction band will drop for high levels of dopants. When FE. crosses
over Fy, full-ionization occurs independent of F; or the operating temperature. This
typically occurs around concentrations of 4z10'%c¢m™> (Mott’s transition). Unfortu-
nately, typical LDD concentrations are below this level, resulting in carrier freezeout.
The active, electrical carrier concentration can be reduced by as much as 50% due to
freezeout. Because the doping concentration in the LDD regions of both NMOS and
PMOS devices is significantly lower at low temperature, the source/drain resistance
increases and limits current drive. This is confirmed by looking at the measured
linear drain current (Figure 2.13) and the parasitic source/drain resistance used in
HSPICE circuit simulations (Figure 2.14). It is clear from both figures that freeze-
out does not play a role until the temperature drops below 150 K. For long channel
lengths, the device resistance is dominated by the resistance of the channel, and

improvement is more significant (see Figure 2.3).

2.4 Low Temperature Reliability

Performance is not the only critical factor in determining the value of a particular

technology. Devices and circuits must also demonstrate good reliability. In this
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section, lifetime data for the aforementioned devices will be summarized. Additional

details can be found in [9]- [10].

2.4.1 Stress Conditions

NMOS transistors were DC stressed at drain biases ranging from 3 v to 6.5 v for
4000 seconds. The gate bias used during the stress was either V5 = V5 (maximum
electron injection) or V,, = %Vds (Lsubmaz: maximum interface state generation).
These stress conditions have been shown to cause maximum degradation at 78 K [6]
and 300 K [11], respectively.

To improve reliability at room temperature, an LDD implant of phosphorous was
used with a dose of 52102em? at an energy of 75 keV. As shown in Section 2.3.3,

the resulting doping profile freezes out at 78 K, resulting in degraded current drive.

2.4.2 Lifetime Results

Figure 2.15 shows the 10 year lifetime data for the two stress conditions. Using linear
extrapolation, the time it takes for the linear transconductance (g,,) to degrade by
10% can be determined. This time is defined as the 10-year lifetime. As expected,
for any Vy,, the V,, = Vj, stress condition results in the shortest lifetime. In order
to have a 10-year lifetime at 78 K, the power supply must be reduced by half from
the original 5 v design down to 2.7 v. Unfortunately, by operating circuits at 2.7 v,

only a 25% improvement in performance is possible at 78 K (see Figure 2.7).
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Figure 2.15: Lifetime versus 1/Vy, for 25 pwm x 1 pm NMOS devices at 78 K. The
two-slope behavior in the V,, = Vj, stress condition may be due to different damage
locations or mechanisms for high versus moderate drain biases. In any case, the
results indicate that stressing should be done near the power supply voltage of
interest. Otherwise, the extrapolated 10-year lifetime can be too optimistic.
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ment (hollow squares). A linear trend is evident in both cases, although freezeout
limits the performance improvement at 78 K.

At intermediate temperatures, the power supply voltage corresponding to a 10-
year lifetime is higher (Figure 2.16), but the maximum amount of performance im-
provement possible (from Figure 2.7) remains below 35%. The limit in performance

improvement at 78 K is primarily due to carrier freezeout in the LDD regions.

2.5 Conclusion

The performance limitations of conventional, room temperature CMOS at low tem-
perature have been studied at length in this chapter. Although the process technol-
ogy is old (1 um CMOS) by today’s standards, the challenges of low temperature

CMOS are still evident. The increase in threshold voltage limits the improvement
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in current drive that could’ve been possible had there been no shift at all. The
remaining improvement in current is further reduced because power supply voltages
need to be lowered to maintain a 10-year lifetime.

Carrier freezeout places additional limits on CMOS performance improvement.
The effectiveness of the PMOS threshold implant is reduced, leading to poorer
subthreshold behavior. As channel lengths are scaled into the submicron regime, the
parasitic source/drain resistance plays a greater role in the overall device resistance.
Due to freezeout in the LDD regions at 78 K, there is poor improvement in device
and circuit performance from 150 K to 78 K. With a maximum improvement of only
35%), high performance, low temperature CMOS cannot be realized by simply cooling
a conventional, room temperature technology. To warrant using a low operating
temperature, the devices must be redesigned in order to have a more reasonable

threshold voltage and minimized freezeout effects.
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Chapter 3

Calibration of TCAD Device
Simulation Tools for Low

Temperature CMOS

3.1 Introduction

In order to gain a better understanding of low temperature device physics and
ways of improving its performance, TCAD simulation tools can be used to predict
device behavior. However, in order to obtain accurate results, the tools should be
initially calibrated to actual measurement results. This chapter will present a series
of steps used to fit data from MEDICI [12], a TCAD device simulator, to measured
[-V characteristics. The key temperature dependent parameters that need to be
modified will be summarized. After adjusting these values to better fit the data, the

advantages and limitations of low temperature CMOS will become more evident.
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3.2 Required Pre-Calibration Data

3.2.1 Device Measurements

Before running any simulations, [-V measurements at the desired operating temper-
ature need to be made. To obtain a good fit across the entire dynamic range of the

device, the following I-V characteristics are needed:

e Linear characteristics: Iy vs. V,, with low V.
e Saturation characteristics: Iys vs. Vg, with variable V.

e Substrate bias characteristics: Iy, vs. V,, with variable V. These curves are

important because most circuits contain transistors stacked in series.

The actual voltage ranges used will depend on the particular technology gener-
ation of the devices. Here, measurements were made up to 5 v at temperatures of

300 K, 218 K, 150 K, and 78 K.

3.2.2 Doping Profiles

Along with the I-V characteristics, the doping profiles for the entire transistor are
needed. These can be obtained by running TCAD process simulations, which take
as input the steps which are used to manufacture the device. If the process flow is
unavailable, a “best-guess” profile can be constructed using for example, Gaussian
distributions. In this case, the process flow was entered into SUPREM-III [13], a
one-dimensional process simulator. Separate input decks were created for the gate,

LDD, and source/drain regions of the device. The final doping profiles for both
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Figure 3.1: SUPREM-III doping profiles underneath the gate, LDD, and

source/drain regions of an NMOS device.

NMOS and PMOS devices are shown in Figures 3.1 and 3.2. These profiles serve as
input for the MEDICI simulations.

To transfer the vertical, one-dimensional NMOS profiles to the two-dimensional
grid used for MEDICI simulations, the net active doping in the gate region is first
applied uniformly over the entire grid. Then, the active concentration from the LDD
implant (phosphorous) is inserted into the source/drain and LDD regions. Finally,
the active concentration from the source/drain implant (arsenic) is added to the
source/drain region of the structure. A similar approach is used to form the PMOS
structure. The resulting doping profiles from the grid agree well with Figures 3.1
and 3.2.

To account for two-dimensional effects and the lateral spreading of dopants from

one region into another, a lateral diffusion constant is used which multiplies the
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Figure 3.2: SUPREM-III doping profiles underneath the gate, LDD, and

source/drain regions of a PMOS device.

extent of the original profile as it is rotated horizontally. A value of 0.8 is assumed,
which is typical for standard CMOS processing. More accurate two-dimensional
profiles can be obtained by running a 2-D process simulator, such as TSUPREM-
4 [14]. By using this tool, the transfer of the doping profile to MEDICI is more

direct. However, simulation time and complexity increase with the use of this tool.

3.3 NMOS Fit

After obtaining the measured data and doping profiles, calibration of the device
simulator can begin. The I-V curves are fitted one set at a time across all channel
lengths, starting with the long channel devices. By properly adjusting the temper-

ature dependent terms, a good initial fit can be obtained. Further refinement can
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be done by adjusting process related parameters. Care must be taken not to alter

any of the values beyond reason.

3.3.1 I; vs. V,; At Low V,

The first set of curves to fit are the drain current versus gate voltage curves at low
drain bias. Initially, the following temperature dependent parameters are modified

in the input deck:

o The temperature is set to the desired value in the MODELS card.

e Full Fermi-Dirac statistics are set in the MODELS card for all simulations
below 300 K. This is due to the fact that the Boltzmann approximation, which
requires that F. — Ey > kT and Ey — Ev > kT, fails at low temperature

because the Fermi energy moves closer to the band edges.

In addition, the parameters that model mobility degradation due to the verti-
cal electric field are adjusted. Here, an enhanced, temperature dependent surface

mobility model [15] is used (SRFMOB2). This model consists of three terms.

[ _ 1 (EeffL,n)EXNLSM_I_ 1 (EeffJ-J%)EXNQ.SM
e/ MUNL.SM" 106 MUN2.SM " 106

1 Ng 10" EXN3.SM
: 3.1
+MUN3.SM(1018)(NM) (3.1)

The parameters which can be modified for MEDICI simulations (via the MO-
BILITY card) are indicated using all capital letters. The three terms above account
for mobility degradation due to phonon scattering, surface roughness scattering, and
ionized impurity scattering, respectively. The dominant mechanism depends on the

operating temperature. The vertical electric field, E.ssy ., is equal to

28



e —I'ETAN nu
Eeffj_,n — (Qd pl Q ) (32)

€si

At 78 K, parameters from [16] are chosen. For intermediate temperatures, a
linear extrapolation between the 78 K values and the default 300 K values is used.
A better approach would be to use the equations extracted from mobility measure-
ments at intermediate temperatures in [18].

These initial modifications should result in a reasonable fit on the first try. Start-
ing with the long channel devices, adjustments can be made to the fixed charge
density (QF: INTERFACE card) to better fit the threshold voltage. At low tem-
peratures, the bulk mobility (MUNO, MUPO: MOBILITY card) should also be
increased, within reason, so that a good fit is obtained in the [4,-V,s characteristics
at low to moderate gate biases. An initial value can be obtained by extracting and
fitting the bulk mobility from a long channel device. Rearranging the long channel,

linear 1;,-V,, equation, yields

lis Legy
Weff Cox (‘/gs - ‘/th - %)‘/ds

feff = (3.3)

where L.y is the effective channel length, W, is the effective channel width, C,,
is the oxide capacitance, and V}; is the threshold voltage. The resulting curve can

then be fitted to a simple model of the mobility:

B MUNO
Hetl = TV FL(V,, — Vii — F3 Vi)

(3.4)

where Vj; is the built-in voltage, and F1 and F3 are fitting factors.
At short channel lengths, the simulated current will tend to overestimate

the measurement results at high gate biases. To obtain a better fit, parasitic
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Figure 3.3: Parasitic source/drain resistance used in MEDICI to fit the measured
data at different temperatures. The increase in resistance at lower temperatures is
due to LDD freezeout.

source/drain resistance can be added in the input deck using the CONTACT card.
Adding too much resistance will also lower the long channel simulation current.
Figure 3.3 shows the source/drain resistance that was needed to obtain a good fit
across all channel lengths at different temperatures. Similar to the HSPICE results
(Figure 2.14), the source/drain resistance increases dramatically at 78 K, indicating
freezeout in the LDD regions. Although MEDICI has an incomplete ionization fea-
ture, it cannot handle degenerate conditions. As a result, freezeout is still assume for
doping concentrations well above Mott’s transition. The entire source/drain region
is treated as a freezeout region, resulting in extremely low currents and a poor 1I-V
fits. Therefore, additional source/drain resistance is used instead of the freezeout

option (in the MODELS card) to model freezeout effects here.
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If an unacceptable fit still results in the linear I-V characteristics, process depen-
dent parameters can be adjusted. These include the lateral diffusion (LATD) and
the spacer thickness (which affects the LDD length and source/drain resistance). In
addition, the drawn channel length can be altered, to account for poor dry etching
of the poly gate or lithography errors. As a last resort, the doping profiles can be
altered by either changing the process simulation parameters or numerically shifting
the profile if it was created using Gaussian or uniform distributions.

Figure 3.4 shows the simulated and measured linear [;-V,; characteristics at
78 K for NMOS transistors of different channel lengths. Since MEDICI is only a
two-dimensional simulator, the currents are first multiplied by the device width (25
pm) before comparing with the measured results. In order to simulate narrow width
effects, a three-dimensional device simulator, such as DAVINCI, is required. A good
fit is obtained in the both the linear and subthreshold (Figure 3.5) regimes. At inter-
mediate temperatures, linear extrapolation of the mobility degradation parameters

still results in a good fit (Figure 3.6).

3.3.2 I vs. Vg With V; Varied

After obtaining a good fit in the linear I-V curves, the saturation characteristics
should be calibrated. In order to avoid shifting the previous simulation results,
only parameters relevant to high horizontal electric field effects should be adjusted.
These include the saturation velocity (VSATN) and BETAN, which are set using

the MOBILITY card and affect the mobility as follows:

Heffn
[1+ (%T]Q;)BETAN]UBETAN
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Figure 3.4: Simulated and measured I4,-V,; characteristics of NMOS transistors at
78 K (linear scale). The channel width of all devices is 25 pum. Points indicate
measurement data. Solid lines indicate MEDICI simulation results.
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simulation results.

In the above equation, ficss, is given by equation 3.1 and L, is the horizontal
electric field along the Si-Si0; interface. Experimental work has shown that at
lower temperatures, the saturation velocity increases, resulting in higher current
drive. The value of BETAN can be treated as a fitting factor and increased to
keep the change in saturation velocity reasonable. For the NMOS devices, BETAN
was left at 2 at all temperatures, and the saturation velocity was increased up to
1.222107 ¢cm/s at 78 K.

Figure 3.7 shows the simulated and measured [;5-V;; characteristics for a 25 x 1
pm NMOS device at 78 K. Again, good agreement is obtained across channel lengths

(Figure 3.8) and temperatures (Figure 3.9). Since these curves cover a larger range
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Figure 3.10: I4s-V,, curve with variable Vy, for a 25 x 1 pm NMOS device at 300
K. The channel width of all devices is 25 pum. Points indicate measurement data.
Solid lines indicate MEDICI simulation results.

of voltages than the linear characteristics, it is essential to have good agreement

here between simulation and measurement results.

3.3.3 I vs. V,s With V}; Varied

145-V,s curves at low drain bias with varying substrate bias and temperature are
shown in Figures 3.10-3.13. Adjusting these curves requires modifying the dop-
ing profile, which is not easy because doing so will alter the already fitted linear
and saturation characteristics. Therefore, minimal work was done to improve the
fit for these curves, since the simulation results were already close enough to the

measurements.
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Figure 3.11: I4,-V,, curve with variable Vy, for a 25 x 1 pm NMOS device at 218
K. The channel width of all devices is 25 pum. Points indicate measurement data.
Solid lines indicate MEDICI simulation results.
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Figure 3.12: I;,-V,, curve with variable Vy, for a 25 x 1 pm NMOS device at 150
K. The channel width of all devices is 25 pum. Points indicate measurement data.
Solid lines indicate MEDICI simulation results.
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Figure 3.13: 1;,-V,, curve with variable V;, for a 25 x 1 gm NMOS device at 78 K.
The channel width of all devices is 25 ym. Points indicate measurement data. Solid
lines indicate MEDICI simulation results.

3.4 PMOS Fit

Due to freezeout effects in the channel region, fitting the PMOS devices at low tem-
perature is more challenging. This is further complicated by the fact that most of
the PMOS current flows well below the Si-Si0O; interface due to the gate material
(n*-poly) and threshold adjustment implant (boron). Nevertheless, adequate agree-
ment between simulation and measurements is still obtained for these devices after

adjusting some process parameters.

3.4.1 I vs. Vg With V), Varied

Figure 3.14 shows the simulated and measured I45-V, characteristics at 300 K for

different channel lengths. In order to get a good match in the threshold voltage,
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Figure 3.14: Simulated and measured [45-V,, characteristics of PMOS devices at 300
K (linear scale). Points indicate measurement data. Solid lines indicate MEDICI
simulation results. The punchthrough implant was made shallower to get a better

Vi fit.

the punchthrough implant energy was decreased by 20%. The species used for
this particular implant was doubly ionized phosphorous (P ), which is cannot be
directly simulated by SUPREM-III. Therefore, a slight adjustment to the equivalent
singly-ionized phosphorous (P*) implant can be justified.

At low temperatures, additional adjustments to the gate profile were necessary
to obtain a good fit in the threshold voltage. The boron doping underneath the
channel was decreased by 10%, 25%, and 40% to fit the threshold voltages at 218
K, 150 K, and 78 K, respectively. This reduction can be associated with freezeout
effects (see Section 2.3.2), which reduces the ionized boron concentration. After this

modification, a good fit across temperature is achieved (Figure 3.15).
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Figure 3.15: Simulated and measured Iy,-V,, characteristics of a 25 pm x 1 pum
PMOS transistor at different temperatures. Points indicate measurement data.
Solid lines indicate MEDICI simulation results. At lower temperatures, the boron
doping concentration is reduced by a greater percentage to account for carrier freeze-
out.
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Figure 3.16: Simulated and measured [;,-V,s characteristics of a PMOS transistor
at different temperatures (log scale). Points indicate measurement data. Solid lines
indicate MEDICI simulation results. The poor fit at lower temperatures results from
inadequate freezeout modeling in MEDICI.

Freezeout effects also degrade the subthreshold behavior. Figure 3.16 shows the
subthreshold behavior of a 25 pm x 1 pm PMOS devices at different temperatures.
A poorer fit is expected at lower temperatures since the carrier freezeout option is
not used in the simulations. Instead, additional source/drain resistance and a fixed
boron reduction are used, both of which cannot account for the variation in effective
channel doping as a function of band bending, which leads to the poor subthreshold
swing. Using the freezeout model should result in a better subthreshold fit, but
the linear and saturation characteristics end up fitting much worse, as discussed in

Section 3.3.1.
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3.4.2 I vs. Vg With V), Varied

The results of fitting the simulated PMOS saturation characteristics at 300 K are
shown in Figure 3.17. In order to keep the room temperature saturation velocity
reasonably low, BETAP was increased from 1 to 3.5. The large shift is necessary
because MEDICI incorrectly uses the 5i-Si0O; interface to calculate mobility degra-
dation due to the vertical electric fields. The PMOS transistors in this case act as
buried channel devices and should show less mobility degradation due to surface
scattering effects. Instead of increasing BETAP to counteract the overdegradation
of mobility, the parameters in the second term of 3.1 could have been reduced. By
increasing the saturation velocity at lower temperatures, a good fit (Figure 3.18)
can be achieved across a variety of channel lengths (Figure 3.19) all the way down
to 78 K. BETAP is set to 1 for low temperature simulations due to difficulties in

convergence. The final values of VSATP remain reasonable under this case.

3.4.3 I vs. V,s With V}; Varied

Figures 3.20 and 3.21 show the linear [;-V,, characteristics with varying sub-
strate bias at 300 K and 78 K, respectively. In order to obtain a better fit, the
punchthrough dose was decreased from 52x10"?em? to 3210'2em?®. This reduced the
horizontal shift in the I-V curves under the same substrate bias and matched the
measurement results better. The uncertainty in modeling the P;"* punchthrough
implant in SUPREM-III can be used to justify this correction. With this process
change, all previous curves need to be resimulated to confirm that there is still

agreement between simulation and measurement.
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Figure 3.17: Simulated and measured [,-V}s characteristics of a 25 pm x 1 pm

PMOS transistor at 300 K. Points indicate measurement data. Solid lines indicate
MEDICI simulation results.
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Figure 3.18: Simulated and measured [4,-Vjs characteristics of a 25 pm x 1 pm
PMOS transistor at 300 K and 78 K. The gate bias for all curves is 3 v. Points
indicate measurement data. Solid lines indicate MEDICI simulation results. The
saturation velocity is increased from 7.5210° ¢cm/s to 1.22107 cm/s at 78 K.
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Figure 3.19: Simulated and measured [,-Vj, characteristics of PMOS transistors at
218 K. The gate bias for all curves is 3 v. Points indicate measurement data. Solid
lines indicate MEDICI simulation results.
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Figure 3.20: [4,-V,, curve with variable Vy, for a 25 x 1 pm PMOS device at 300

K. The channel width of all devices is 25 pum. Points indicate measurement data.
Solid lines indicate MEDICI simulation results.
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Figure 3.21: 1;,-V,, curve with variable V; for a 25 x 1 pm PMOS device at 78 K.
The channel width of all devices is 25 ym. Points indicate measurement data. Solid
lines indicate MEDICI simulation results.

3.5 Conclusion

TCAD process, device, and circuit simulation tools can be used to design high
performance CMOS for low temperature operation. Running simulations costs far
less and yields faster results than physically fabricating the devices. Fewer process
splits are needed if the design window can be narrowed through simulation. But in
order to accurately predict CMOS behavior at low temperature, the tools must be
initially calibrated to measurement results. By taking into account improvements in
mobility and degradation due to freezeout, a good initial fit can be obtained across
temperature, channel length, and bias condition. Additional tinkering of the process

parameters (within reason) may be necessary to better fit the results.
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Simulation Temperature
Card Option 300 K ‘ 218 K ‘ 150 K ‘ 78 K
Models Temperature 300 218 150 78
Boltzmann True False False False
FermiDir False True True True
Mobility | MuNO (C‘;”j) default 900 1500 2000
value
EtaN default 0.59 0.67 0.75
value
SrtMob?2 default linearly linearly
parameters values | extrapolated | extrapolated [16]
VSatN (em/s) | 7.5210° 9.1210° 1.052107 1.222107
Contact | S/D Resistance
(ohm™um) 75 400 500 900

Table 3.1: Parameters used in NMOS MEDICI simulations.

Tables 3.1 and 3.2 summarize the parameters which were modified in order to
obtain good agreement between the simulated and measured I-V characteristics for
a given temperature. As expected from experimental observations, the modeling
parameters indicate an improvement in mobility and an increase in LDD freezeout
at lower temperatures.

To obtain a better fit, certain process parameters were also modified. The NMOS
and PMOS channel lengths were increased to achieve better agreement with the mea-
surement results. In addition, the PMOS channel profile was adjusted to account for
freezeout effects, which cannot be accurately simulated by MEDICI. The procedure
and methodology for fitting the I-V characteristics are generalized enough where
they can be applied to any operating temperature and extrapolated to any TCAD

device simulation tool.
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Simulation Temperature
Card Option 300K | 218K [ 150K | WK
Models Temperature 300 218 150 78
Boltzmann True False False False
FermiDir False True True True
Mobility | MuP0 (22) 225 280 400 455
EtaP default 0.37 0.41 0.45
value
SrtMob?2 default linearly linearly
parameters values | extrapolated | extrapolated [16]
VSatP (cm/s) | Tx10° 6.5x10° 6210° 1.222107
BetaP 3.5 3.5 3.5 3.5
Contact | S/D Resistance
(ohm™um) 452.5 1050 1150 2250

Table 3.2: Parameters used in PMOS MEDICI simulations.
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Chapter 4

Redesigning CMOS for Improved

Low Temperature Performance

4.1 Introduction

Significant improvements are expected in CMOS as the operating temperature is
reduced. In order to take full advantage of these enhancements, devices need to be
redesigned so that undesirable low temperature effects, such as freezeout, are mini-
mized. With TCAD design tools properly calibrated at the operating temperature
of interest, proposed design changes can be thoroughly studied and evaluated before
being implemented. In this chapter, a conventional, room-temperature process flow
will be modified so that better low temperature performance is achieved. First, the
threshold voltage will be reduced so that higher current drive is obtained without an
increase in off-state leakage. Next, the channel profile will be altered so that better

mobility improvement will occur. Re-engineering of the source/drain regions will be
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necessary to minimize freezeout effects. And finally, the advantages of using dual-
polarity gates (i.e. p*-poly PMOS) for low temperature operation will be addressed.

Simulations will be used to support some of the proposed design changes.

4.2 Design Methodology

Figure 4.1 illustrates the general approach which will be used to design CMOS for
low temperature operation. A conventional, high performance, room temperature
process flow will be used both as a starting point and for comparison. After calibrat-
ing the tools so that the simulation results match the measurements (see Chapter 3),
proposed changes in the process flow are first run through SUPREM to obtain new
doping profiles. MEDICI then imports the profiles and produces I-V characteristics.
Improvement on the device level can be obtained by comparing these new I-V curves
with results based on the baseline, room temperature process flow. To determine
circuit level improvement, extraction of parameters for HSPICE [17] simulations
should be performed. By just slightly modifying an already existing process flow,
one can better understand the impact of certain process steps on low temperature
CMOS performance. In addition, the cost of implementing these changes is far less

than designing and testing a completely new process flow.

4.3 Threshold Voltage Adjustment

4.3.1 To Room Temperature Value

Using the aforementioned technique, the threshold voltage implants were modified

to decrease the high threshold voltage at low temperature. The NMOS V;; implant
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Figure 4.1: Hlustration of how TCAD process (SUPREM), device (MEDICI), and
circuit (HSPICE) simulation tools are used together to improve the performance
of low temperature CMOS. Input decks similar to those used to fit the original,
measured results are used as the starting point.
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Figure 4.2: Threshold adjustment implant doses (boron) necessary to maintain a
300 K Vi, for a given operating temperature.
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dose was decreased, and the PMOS V;, implant dose was increased. By not adjusting
the threshold voltage, too large of an “off-zone” will exist at low temperatures, which
will limit current drive and switching performance. Figure 4.2 shows the implant
doses needed to obtain the same room temperature threshold voltage. As expected,
a larger change is needed for the PMOS devices in order to counter channel dopant
freezeout. However, the changes are not significant enough to worsen short channel
effects.

The improvement in NMOS linear drain current at 78 K after readjustment is
illustrated in Figure 4.3. A better match with the 300 K I-V curve is obtained when
the threshold voltage is defined by extrapolating back from the peak transconduc-
tance (as opposed to using a constant current level). Although the linear current
improves only slightly, the saturation current improves by a larger amount (Fig-
ure 4.4). Nevertheless, the linear drain current improvement is an important factor
to consider in circuit switching because the output node must swing all the way
between V,; and zero. Between zero volts and the drain saturation voltage, Vyg:,
the transistor will operate in the linear regime. Although Vj,,; decreases at lower
temperatures, it can still take up a significant portion of the output swing, especially
for low V.

The impact of the threshold adjustments on the circuit level can be determined
by extracting the new I-V characteristics to HSPICE. The resulting parameters were
similar to those obtained for the original, measured I-V characteristics. Figure 4.5
shows the simulated propagation delays of a 41 stage ring oscillator at 78 K for
the original and threshold adjusted cases. Delay improvement at 218 K, 150 K,

and 78 K is illustrated in Figure 4.6. Low supply voltages now show significant
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HSPICE simulation, 41 stage ring oscillator
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Figure 4.5: Propagation delay versus power supply voltage of a 41 stage ring oscil-
lator at 78 K after threshold implant adjustment. Original results (Figure 2.6) are
shown for comparison. A much larger decrease in propagation delay is evident.
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Figure 4.6: Improvement in ring oscillator delay versus power supply voltage as
a result of threshold implant adjustment. Delays at 218 K, 150 K, and 78 K
were simulated using HSPICE (41 stage ring oscillator: W,/L, = 6/1pym and
W, /L, = 3/1um) and normalized to 300 K. Original results (Figure 2.7) are shown

for comparison.
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improvement. The change in improvement is greater at lower temperatures due to
the larger shift in threshold voltage. Freezeout of the LDD regions still limits the
improvement between 150 K and 78 K. Since only the channel profile was changed,
minimal change from 150 K to 78 K is still expected. By increasing the dose of the
LDD implant to reduce the high parasitic resistance (see section 4.5.2), enhanced

78 K circuit performance is possible.

4.3.2 Below Room Temperature Value

Due to the improvement in subthreshold slope (see Figure 2.1), a lower than room
temperature threshold voltage can be used at low temperatures without increasing
the off-state leakage. Figure 4.7 shows the amount of performance enhancement
possible at 78 K when the threshold voltage is 25% lower than the value at room
temperature. To run this set of HSPICE simulations, only VTO was changed. At
high power supply voltages, freezeout still limits the improvement. However, a 2x
(100%) improvement in delay is easily achieved at low power supply voltages, which
will be the desired operating voltage, as suggested by the lifetime data (see Fig-
ure 2.15). At 218 K, an additional 20% improvement is obtained at 3 v (Figure 4.8).

Reducing the threshold voltage to 25% below the room temperature value is
somewhat arbitrary. As long as the off-state current stays below the value at room
temperature, the threshold voltage can continue to be reduced. At room tempera-
ture, a 25 pm x 1 pm NMOS device has a threshold voltage of 0.57 v, a subthreshold
slope of 86 mV /decade, and an off-state current of 4 pA. If the desired operating
temperature is 78 K, the threshold voltage can be lowered all the way down to 0.13

v (Figure 4.9) without increasing the off-state current since the subthreshold slope
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HSPICE simulation, 41 stage ring oscillator
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Figure 4.7: Improvement in delay at 78 K versus power supply voltage for a lower
than room temperature threshold voltage. Delay improvements for the original
(Figure 2.7) and the threshold readjustment to room temperature case (Figure 4.6)
are shown for reference. A 2x improvement in delay at low power supply (2.7 v) is
possible with the 25% V;;, reduction.
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HSPICE simulation, 41 stage ring oscillator
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Figure 4.8: Improvement in delay at 218 K versus power supply voltage for a lower

than room temperature threshold voltage.

Delay improvements for the original

(Figure 2.7) and the threshold readjustment to room temperature case (Figure 4.6)

are shown for reference.
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Figure 4.9: Optimized threshold voltage for NMOS transistors at 78 K. V;, is chosen
such that the off-state current matches the results at 300 K. The 78 K curve is
measured data that has been shifted to the left by 0.75 v.
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is only 27 mV /decade. This is over 75% below the room temperature value. There-
fore, an even larger improvement in 78 K device and circuit performance than what
is shown in Figure 4.7 can be expected.

Having a very low threshold voltage at 78 K introduces several new issues which
need to be considered. Since the threshold voltage increases by roughly 0.3 v from
300 K to 78 K, a 0.13 v NMOS threshold voltage at 78 K translates to a -0.17 v
threshold voltage at room temperature. As a result, testing and evaluation of circuits
can only be done by first cooling down the circuitry. In addition, if the cooling system
fails, the circuit will no longer function correctly. Low threshold voltage devices are
also more susceptible to process variations. A variation in threshold voltage due
to poor gate oxide quality or interface states will dramatically affect the leakage
current. Less aggressive scaling of the threshold voltage can minimize this problem,
with the trade-off being a loss of additional performance improvement. Good device
isolation also becomes critical in designing a low threshold, low temperature device.

A poor field implant can lead to larger than expected leakage currents.

4.4 Retrograde Channel Profiling

Reducing the threshold voltage by modifying the channel implant dose leads to
significant improvement in low temperature performance. The threshold voltage can
alternatively be lowered by increasing the implant energy. This creates a retrograded
doping profile where the concentration near the oxide-silicon interface is lower than
what it is further into the substrate. Retrograde profiling has been studied at room

temperature as a means of improving short channel behavior without significantly
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increasing the device capacitance. However, its performance has received mixed
reviews [19]-[20].

At low temperatures, improved mobility is expected if a retrograded profile is
used. This results from the fact that mobility is limited by impurity scattering
at low temperatures [21]. Figure 4.10 illustrates the effective electron mobility for
different doping concentrations at 300 K and 78 K. Having a lightly doped channel
is extremely desirable at low temperature, especially at low voltages. However, in
order to maintain good short channel behavior, the doping concentration needs to
be high. Both requirements can be met by using a retrograded profile. The region
immediately underneath the Si-SiO; interface (where most of the carriers flow) is
lightly doped, to take advantage of the improved mobility, while the area further
underneath is more heavily doped, to prevent subsurface punchthrough and poor
short channel behavior.

The fast diffusivity of boron in silicon makes it difficult to form a retrograded
profile using this species for the threshold implant. As an alternative, a heavier
implant species, such as indium, can be used. Figure 4.11 illustrates the doping
profiles obtained using SUPREM-III for different implant species and anneals. Since
indium was not available in this simulation tool as an implant species, a similarly
weighted ion (antimony) was used, and the signs in the resulting doping profile
were reversed. By reducing the thermal cycles after the threshold implant, a more
retrograded profile can be obtained with boron. The gate oxide anneal can be
removed without a significant change in reliability, and rapid thermal annealing can
be used instead of a furnace to activate all of the dopants. Nevertheless, using

indium results in a far better retrograded profile.
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Figure 4.10: Effective electron mobility versus field at 300 K and 78 K (from [16]).
At room temperature, the mobility is independent of doping (phonon scattering
limited). At low temperature, the mobility is depends on the carrier concentration.
A similar trend occurs for holes.
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Figure 4.11: SUPREM-III doping profiles underneath the gate for different implant
species and anneals.

4.5 Source/Drain Engineering

As channel lengths are scaled down to deep sub-micron dimensions, the source/drain
regions take up a larger portion of the overall device area. Therefore, proper design of
these areas is essential, especially at low temperature, where freezeout can introduce

significant parasitic resistance.

4.5.1 Halo Implant

Similar to a retrograde implant, a halo implant can be used to enhance device per-
formance. Instead of performing a retrograded threshold adjustment implant, a
large angle implant is done prior LDD spacer formation (Figure 4.12). This re-

sults in a small, highly doped pocket near the source and drain, which minimizes
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Figure 4.12: Illustration of a halo implant for an NMOS device. The majority of
the channel remains lightly doped, allowing for better mobility improvement at low
temperature, while maintaining good short-channel behavior due to the high doping
near the source and drain.

punchthrough. Most of the region underneath the channel remains lightly doped
and will exhibit higher mobility at low temperatures. Unlike retrograded profiles,
the improvement should occur regardless of whether or not the device is buried or
surface channel. Halo implants also offer a wider design window than retrograde
implants since the tilt angle of the implant can be adjusted to optimize performance
improvement. Like retrograde designs, much of the existing work on halo implants
has focused on minimizing short channel effects [22]-[23], but with reduced operating

temperature, halo implants should also further enhance mobility and current drive.
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4.5.2 LDD Implant

In Section 2.3.3, it was shown that conventional LDD designs result in carrier freeze-
out at low temperature because the doping concentration falls below Mott’s tran-
sition (4x10'®cm™2). In fact, the reliability can be even worse at low temperature
than non-LDD devices [24]. To prevent carrier freezeout, the LDD dose should be
increased so that the doping concentration is above Mott’s transition. In addition,
the thermal cycle can be reduced so that less diffusion of dopants in the LDD region
occurs. In this case, the LDD region should actually be thought of as a shallow,
source/drain extension region, due to the higher doping level.

MEDICI simulations can be performed to examine the effect of replacing the
LDD with a source/drain extension. For maximum reliability, the peak electric
fields should be kept low and away from the spacer region for maximum reliability.
With the trend towards using reduced power supplies, hot carrier effects and proper
LDD design are becoming a less critical issue in terms of device reliability. In order
for charge injection to occur into the spacer and thus lead to device degradation,
a fixed energy barrier of roughly 3.5 eV must be surmounted. Under low power
operation, there is less probability that a carrier can generate this energy to inject
itself into the spacer.

Increasing the LDD implant dose and reducing the thermal cycle has been shown
to result in better low temperature CMOS performance and reliability for a 1 pm
CMOS technology [25]. Freezeout effects can be removed from the 1 gm CMOS tech-
nology presented in Chapter 2 by extrapolating the HSPICE source/drain resistance
from the results at 343 K, 300 K, 218 K, and 150 K (see Figure 2.14). This results

in an additional 40% improvement in CMOS performance at 78 K (Figure 4.13).
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HSPICE simulation, 41 stage ring oscillator
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Figure 4.13: Improvement in CMOS ring oscillator performance at 78 K if no freeze-
out occurs. Original results, threshold adjusted, and threshold reduced cases are
shown for reference.
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4.6 Gate Engineering

Freezeout of the PMOS channel dopants, which leads to a larger shift in thresh-
old voltage and poorer improvement in subthreshold slope, can be eliminated by
switching the polarity of the polysilicon gate. By using a p™-poly gate instead of an
nt-poly gate, phosphorous is used (instead of boron) to adjust the PMOS threshold
voltage. As a result of the band bending (Figure 2.9), the donor level of phosphorous
(located just below the conduction band) remains far away from the Fermi level near
the threshold voltage and will not freezeout.

With a pt-poly gate, the PMOS transistor now operates as a surface channel
device instead of buried channel. Recent work [26] has shown that surface channel
PMOS devices exhibit better performance than buried channel. Using a PMOS
retrograded profile can now lead to additional mobility improvement at low temper-
atures. Since phosphorous is much heavier than boron, retrograded profiles can also
be more easily created.

Now that dual-polarity gates are employed (n*-poly for NMOS and p*-poly for
PMOS), POCL doping of the polysilicon immediately after deposition should be not
be performed. Instead, the polysilicon can be doped using the NMOS and PMOS
source/drain implant. In order to create shallow source/drain junctions and also
adequately diffuse the dopants all the way down to the poly-oxide interface, the
polysilicon thickness must be kept reasonably thin. If thick polysilicon is required,
two additional masking steps and deeper n and p implants can be performed immedi-
ately after the polysilicon deposition. However, care must be taken not to overdope
the poly (which can cause dopant segregation and high resistance or depletion ef-

fects), since an additional source/drain implant will occur later in the process flow.
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Furthermore, etching of the polysilicon to form the gates may be problematic in this
case since the etch rates of nt-poly and pT-poly are typically different.

The main disadvantage of switching to a p*-poly PMOS gate is boron penetration
across the gate oxide [27]. Boron diffuses extremely fast in polysilicon. For each
successive generation of CMOS, the gate oxide thickness must be scaled down in
order to maintain adequate short channel performance. As a result, it is very easy
for boron to diffuse across the oxide and into the channel. This results in a threshold
voltage shift, poorer gate oxide quality, and higher leakage currents.

To minimize boron penetration, the thermal cycles after the poly implants need
to be reduced. This can be accomplished using rapid thermal annealing (RTA).
The ramp up, annealing, and cool down phases for RTA are much shorter than
conventional furnaces. As a result, less diffusion of dopants will occur while still
providing sufficient energy for activation.

In addition to lowering the thermal budget, alternative gate dielectrics can be
used to minimize boron penetration. High x materials, such as nitrous oxide, can
prevent boron penetration better than standard Si0O,. By simply changing the
ambient gas to NyO, conventional furnaces can be used to grow the nitrous oxide
gate. The oxidation rate is low and self-limiting, which can result in thin and uniform
gate oxides. However, reviews of the performance and reliability of nitrous oxide
are mixed [28]-[31], and very little work has been done in studying its performance
at low temperature.

As an alternative to changing the gate material, nitrogen can be implanted into
the polysilicon gate to reduce boron penetration. The presence of nitrogen in polysil-

icon reduces the diffusivity of boron [32] without affecting the gate oxide quality [33].
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Again, little is known about the performance or reliability of such a process change
at low temperature.

Because of the limitations in simulating both boron diffusion and the growth
rate of alternative gate materials, much of the work to minimize boron penetration
has to be done experimentally. A first order estimation on the thermal cycle needed
to fully activate dopants while minimizing boron penetration can be obtained via
SUPREM-III, but needs to be confirmed by fabricating test capacitors. Similarly,
the steps needed to grow a high quality nitrous oxide gate can be determined by

process development and test capacitor fabrication.

4.7 Conclusion

Several changes to a conventional CMOS process flow have been proposed to achieve
higher performance at low operating temperatures. The modifications are minor
and can be easily implemented without introducing new processing or design com-
plications. By accounting for the increase in threshold voltage, an additional 40%
improvement in delay can be achieved at 78 K for a 3 volt power supply. Further
reduction of the threshold voltage can be done without an increase in off-state power
dissipation, resulting in a 2-3x improvement in delay from 300 K to 78 K.

Because the mobility at low temperature is limited by ionized impurity scatter-
ing, retrograded or halo implants can be added to the process flow to further enhance
low temperature performance without degrading short channel effects. For operat-
ing temperatures below 150 K, the LDD should be replaced by a more heavily doped

source/drain extension in order to continue to have significant improvement with
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decreased operating temperature. Switching to dual-polarity gates will eliminate

PMOS channel freezeout and allow for better use of its retrograded profile.
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Chapter 5

Performance of Optimized Low

Temperature CMOS

5.1 Introduction

Up to this point, the study and redesign of CMOS for low temperature applica-
tions has focused on using TCAD design tools. After identifying the challenges
of operating CMOS at low temperature, several minor process changes have been
shown (through simulations) to further improve performance. But in order to truly
demonstrate the merits of low temperature CMOS, actual devices and circuits need
to be fabricated and shown to exhibit far better performance at low temperature
than at room temperature. In this chapter, the measurement results of NMOS and
PMOS transistors and CMOS ring oscillators will be presented. The development
of the test chip and process flow used to manufacture these components will be
described in detail. Process splits in the threshold implant, gate oxide formation,

extension implant, halo implant, and dopant activation will be summarized. The
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impact of the process modifications listed in Chapter 4 will be reviewed. Finally, a
breakdown of the expected improvements for deep submicron CMOS will be given

for an operating temperature of 78 K.

5.2 Test Chip Design

In order to evaluate a proposed process flow for fabricating CMOS devices and
circuits, a test chip has been laid out using Cadence Opus [34]. One quarter of the
chip is composed of process test structures. Another 50% is made up of discrete
transistors with varying channel widths and lengths. The remaining 25% of the test
chip contains simple ring oscillators and circuits. The test chip is robust enough to
be used for a bulk CMOS or a fully-depleted SOI-CMOS process (no body contact).
Figure 5.1 shows the test chip in its entirety. This pattern is repeated over an entire
47 silicon wafer using an Ultratech stepper. Table 5.1 lists the masks levels (11) that
were generated for this chip. Although the chip is designed to handle dual-polarity
gates, single-polarity gates can still be realized by POCL or BBR doping the gates

after poly deposition, and slightly reducing the source/drain implant dose.

5.2.1 Process Test Structures

Figure 5.2 shows the section of the chip with the test structures. The upper portion
consists of large area transistors, which can be used for split-CV measurements or
mobility extraction, and two terminal capacitors, which can be used to evaluate
gate oxide quality (CV, IV, and TDDB). The field transistors on the right are used
to confirm adequate device isolation. The SPICE capacitors on the lower right are

used to obtain the sidewall and junction capacitances for HSPICE simulation. The
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Figure 5.1: Test chip used to fabricate devices and circuits for low temperature
operation. Test structures (lower left), discrete devices (top), and circuits (lower
right) are available.

‘ Layer Name ‘ Type ‘ Aligns To ‘
N-Well Dark Field | Wafer (Mechanical)
Active Clear Field N-Well

Field Clear Field Active
E-Beam Dark Field Active
PMOS V,, | Dark Field Active
NMOS Vi, | Dark Field Active
Poly Clear Field Active
N-Diffusion | Dark Field Poly
P-Diffusion | Dark Field Poly
Contact Dark Field Poly
Metal Dark Field Contact
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Table 5.1: Masks layers used in the low temperature CMOS test chip.



Figure 5.2: Process test structure portion of the low temperature CMOS test chip.
A wide variety of different structures are available to fully characterize a proposed
process flow.

latchup structures along the bottom consist of a p* contact in p-sub, an n™ contact

in p-sub. a p* contact in n-well, and an n*

contact in n-well, from left to right.
They are used to determine or verify the design rules for latchup prevention.

The process capacitors in the center are used to evaluate the field and/or CVD
oxide quality. Contact hole quality between the metal and any other conducting
layer underneath can be tested electrically using the contact resistors on the lower
left. The edgeless transistors on the left can be used to study device behavior if
poor field isolation occurs. Finally, the cross bridges in the center consist of a Van
der Pauw structure (used to measure sheet resistance) and a Kelvin resistor (used

to measure effective linewidth). The Van der Pauw structure is especially important

in determining the effectiveness of silicidation.
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Figure 5.3: nT-poly NMOS transistor array and SEM bar. The primary transistor
width is 10 pm. Each transistor has its own drain, gate, source, and substrate pads
(starting from the upper left and counting clockwise).

5.2.2 Transistors

The upper half of the test chip is made up of discrete transistors. The devices are
organized into two 5 x 5 arrays: one n™-poly NMOS and one p*™-poly PMOS. Vertical
SEM bars with varying gate lengths are placed next to the arrays on opposite ends
of the die. Figure 5.3 shows one of the transistor arrays in more detail. Channel
widths vary from 3 pm to 20 pm, and channel lengths vary from 10 gm down to
0.25 pm. Each transistor has its own gate, source, drain, and substrate pad, so that
reliability testing can be performed without affecting the other devices. Metal is
routed from the pads of 17 out of the 25 devices to the outside edges of the array

so that wire bonding on a 68 pin (17 x 4) package can be easily performed.
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It an NMOS-only or PMOS-only transistor run is desired, both transistor arrays
can still be utilized. Blanket implants can be performed for the threshold, extension,
and source/drain implants. This simplifies the processing because masking is no
longer required before any of these implants. However, the N and P masks can still
be used so that process splits of any of these three implants can be performed on
the same wafer. Note that if both transistor arrays are to made into NMOS-only or

PMOS-only, the backside of the wafer must be used as the substrate contact.

5.2.3 Circuits

The circuit blocks in the test chip are shown in Figure 5.4. A W, to W, ratio
of 10 wm / 5 pm is used throughout. The majority of the circuit elements are
ring oscillators, with channel lengths ranging from 2 gm down to 0.25 pm. The
basic element of each ring oscillator is either an inverter, a 2-input NOR gate, or
a 3-input NAND gate. For the NOR and NAND gates, the output of each stage
is fed into every input of the next stage. Individual circuit elements are located
along the bottom portion of the circuit block. To drive the output pad, the ring
oscillator signal is passed through a four-stage buffer. At each stage of the buffer,
the gate widths are either tripled or quadrupled so that a 30 pF output load can
be driven. The buffers are replicated in the lower right of the circuit block for
debugging purposes. Separate V, lines are used for the buffer and ring oscillator so
that the actual ring oscillator power dissipation can be obtained.

The remaining circuit blocks are all drawn with 1 gm channel lengths, using

“standard” design rules, and a single level of metal. Along the top of the circuit
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Figure 5.4: Circuit blocks designed in the low temperature CMOS test chip.

module is a D-register, a one-bit adder, and a dynamic NOR delay line. Alternating

dies also have a 7-bit counter.

5.3 Process Flow

Table 5.2 summarizes the fabrication steps used to make the CMOS devices and
circuits. The process flow was based on Stanford’s BiCMOS process and several
recent SOI runs fabricated at Stanford University’s Center for Integrated Systems.
The starting material for each process run was 100 nm (47) silicon wafers, with a re-
sistivity of roughly 10 Q-cm. For CMOS runs, an n-well was first defined by implant
and drive-in. In order to align subsequent levels to the n-well, an initial oxidation
and patterned etch were necessary before the implant, followed by a reoxidation

before the drive-in.
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‘ Step ‘ Description

‘ Details

1 | Starting material CMOS/NMOS: p-type, < 100 >, 10-20 Q-cm
PMOS: n-type, < 100 >, 5-10 Q-cm
2 N-well formation Phosphorous implant: 2.5210"2c¢m? @ 100 keV
(CMOS only) Drive-in: 16 hours at 1150°C
3 Pad oxidation Dry Os: 950°C, 25 nm
4 | Nitride deposition LPCVD: NHs + DCS, 785°C, 100 nm
5 Active area definition Lithography and RIE: CF3Br 4+ SFg
6 Field implant Boron: 1210 em? @ 100 keV
7 | E-beam alignment Lithography and silicon RIE etch
mark formation CoC Fs + SFs: 2 pm
8 | LOCOS isolation Wet Oy: 1000°C, 750 nm
9 Nitride strip Wet etch: H3 PO,
10 | NMOS and PMOS Lithography and ion implantation
threshold implant (variable doses and energies)
11 | Gate oxidation Standard: Dry Os, 800°C' + N, anneal
Nitrous oxide: diluted N,O, 850°C
+ Ny, 1050°C, 15 min.
12 | Polysilicon deposition LPCVD: StHy + H,, 620°C', 175 nm
13 | Poly gate processing Ny implant or POC L3 doping (both optional)
14 | Poly lithography E-beam lithography
15 | Poly etch RIE: HBr + ¢ ; OR Nf5
16 | Reoxidation Dry Os: 850°C', 40 min.
17 | NMOS and PMOS Lithography and ion implantation
extension/halo implant | (variable doses and energies)
18 | Spacer deposition LPCVD: StHy 4+ O3, 125 nm
19 | Spacer etch RIE: CHF; + Oy
20 | Source/drain/(gate) NMOS: Arsenic 1210*cm? @ 40 keV
implant PMOS: Boron 2z10"%cm? @ 12 keV
21 | Source/drain/(gate) Furnace or RTA
anneal (variable temperature and time)
22 | Silicidation Ti deposition (25 nm) + RTA (2-step)
23 | Contact hole deposition | LPCVD: StHy + Os, 500 nm
24 | Contact hole etch Lithography and RIE: C'H F5 + O,
25 | Metalization Al/1% Si deposition (800 nm)
26 | Metal Etch Lithography and RIE: CHC Ls + Ny + SiC' 4
27 | Backside oxide/poly BOE etch and RIE: C,C F5 + SFg
removal
28 | Forming gas anneal Hy: 400°C', 60 min.

Table 5.2: Process flow for low temperature CMOS devices and circuits.
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Standard local oxidation of silicon (LOCOS) and a field implant were performed
to isolate the devices. In order to use e-beam lithography for the poly level, 2 um
trenches in the shape of a cross were defined in the corners of each die using standard
lithography and deep RIE silicon etching. After implanting the channels to adjust
the threshold voltage or create a retrograded profile, a 7 nm or 5 nm gate oxide was
grown followed by LPCVD polysilicon deposition. The nitrogen annealing conditions
after gate oxidation were varied to examine tradeoffs in reliability and retrograded
channel profiling. Wafers needing nitrous oxide gates were grown in diluted nitrous
oxide (instead of dry Oy) and annealed in Ny at 1000°C' for 15 minutes.

A Hitachi HL-700F electron beam lithography machine was used to define the
polysilicon gates. Since the system accepted masks electronically, modification of
the channel lengths could be easily made without having to remanufacture a new
photomask. Features down to 0.15 um were generated using Shipley SAL-601 e-
beam resist. An Ultratech Model 1000 Stepper was used for masking all other levels
because of faster throughput and the fact that only the poly level had feature sizes
smaller than 1 gm (the minimum resolution of the Ultratech). Using the trench
crosses formed earlier, good alignment to the previous layers was achieved. To align
subsequent mask layers to the poly level, Ultratech alignment crosses were drawn
in the scribe area of the wafer. In addition, verniers were drawn in the field regions
of the test chip for alignment verification.

Poly etching was performed using either NF5 or HBr + C' 5. The latter etch
chemistry has higher selectivity between polysilicon and oxide. After gate definition,
a short reoxidation was performed to clean up any damage from the etch. The

extension and (optional) halo regions were then implanted, followed by an LTO
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spacer deposition and etch. Next, implantation the source and drain regions was
done. These implants also doped the poly gate (if not POCL doped already) and
helped to form substrate/n-well contacts. A furnace or RTA anneal to activate the
dopants completed the front-end processing.

To lower the sheet resistance of the polysilicon gates and the source/drain, a
standard, titanium silicidation process was used. It is assumed that nearly all of the
sputtered titanium will react to form about 50 nm of T25%;. A layer of undensified
LTO oxide was then deposited and patterned to form contact holes. After metaliza-
tion using 800 nm of Al/Si, backside removal of the residual oxide and polysilicon
was performed, followed by a forming gas anneal.

Figure 5.5 shows the cross section of the resulting NMOS and PMOS devices
with expected dimensions. In order to perform low temperature measurements, the
finished wafers were diced, attached to ceramic packages using silver epoxy, and wire
bonded using gold or aluminum wire. Measurements were then performed using a
computer controlled HP 4142B connected to a temperature controlled Lakeshore

Cryotronics dewar.

5.4 Process Splits

The process steps which received different implants or thermal cycles are listed in
Tables 5.3 and 5.4. A wide range of threshold voltages are created by varying the
implant dose and energy. Performance tradeoffs (i.e. low threshold voltage versus
high off-state currents) can thus be studied at a variety of different temperatures.

Wafers which have “negative” threshold voltages at room temperature will have low
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Figure 5.5: Cross section of fabricated NMOS and PMOS devices. Figure is not

drawn to scale.

threshold voltages at low temperature and can be compared to low threshold devices
at room temperatures.

The NMOS threshold implant splits include heavy ion implants (indium) which
are used to create retrograded channel profiles. The thermal cycles (gate oxide
anneal and source/drain anneal) are also varied to study the tradeoffs between ret-
rograde channel formation and device reliability /dopant activation. Halo implants
are employed to improve short channel behavior, especially for retrograded profiles
since the channel doping near the 5i-Si0s interface is low. A halo implant can also be
used to keep the overall channel doping light, resulting in improved low temperature

mobility.
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‘ Step ‘ Details

Boron: 42102em? @ 15 keV
Boron: 4210%2em? @ 15 keV
+ Boron: 5x10%em? @ 100 keV

Boron: 2210%2em? @ 40 keV
Boron: 4210%2em? @ 40 keV
Boron: 8z10%2em? @ 40 keV

NMOS Boron: 4210%2em? @ 40 keV
Threshold + Indium: 52102¢e¢m? @ 100 keV
Implant Boron: 2210%c¢m? @ 40 keV
Boron: 4210%2em? @ 80 keV
Boron: 2x10%em? @ 80 keV
Indium: 1210%2cm? @ 150 keV
Indium: 4210%2cm? @ 300 keV
Indium: 62102cm? @ 300 keV
Indium: 8210%2cm? @ 300 keV

PMOS Arsenic: 3210%em? @ 100 keV
Threshold Arsenic: 3210%em? @ 140 keV
Implant Arsenic: 6210%em? @ 140 keV
(pt-poly gate) | Arsenic: 3z10"cm? @ 200 keV

PMOS Boron: 3x10%cm? @ 15 keV
Threshold + Phosphorous: 5210%2em? @ 150 keV
Implant Boron: 3z10%c¢m? @ 15 keV
(n*-poly gate) + Phosphorous: 5210'%c¢m? @ 200 keV
St10s: 7 nm; 1050°C', 30 min.
Gate St10g: 7 nm; 950°C, 30 min.
Oxide S105: 7T nm; no Ny anneal
and St103: 5 nm; 950°C, 30 min.

Anneal NoO: 7 nm; 1000°C', 30 min.
NoO: 5 nm; 1000°C', 30 min.
NMOS none
Halo BFy: 5210cm? @ 120 keV (30° tilt)
Implant BFy: 1210%cem? @ 120 keV (30° tilt)

PMOS Halo | none
Implant Phosphorous: 1z10™em? @ 120 keV (30° tilt)

Table 5.3: Process splits for low temperature CMOS devices and circuits.
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‘ Step ‘ Details ‘

NMOS Arsenic: Tzx10%2em? @ 20 keV
Extension Arsenic: 2210 em? @ 20 keV
Implant Arsenic: 52x10Mem? @ 20 keV

PMOS Boron: 5210%c¢m? @ 10 keV
Extension Boron: 7210%cm? @ 10 keV
Implant Boron: 2210"em? @ 10 keV
Boron: 4210'"em? @ 10 keV

Furnace: 850°C', 15 min.
Source/Drain | Furnace: 950°C', 30 min.
Anneal RTA: 950°C, 2 min.

RTA: 950°C, 30 sec.

Table 5.4: Process splits for low temperature CMOS devices and circuits (contin-

ued).

To better understand LDD freezeout, a variety of different doses for the extension
implant are used. The tradeoff between parasitic source/drain resistance and device

reliability can be easily studied this way.

5.5 Low Temperature NMOS Performance

Linear I4,-V,s characteristics of a 10 pm x 0.25 pm NMOS transistor at different
temperatures are shown in Figures 5.6 and 5.7. Unlike previous results (see Fig-
ure 3.6), freezeout does not limit the linear drain current at 78 K. This is because a
higher implant dose was used in the extension region. Good short channel behavior

was obtained all the way down to channel lengths of 0.25 ym (Figure 5.8).
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Figure 5.6: Measured [4,-V,, characteristics of a 10 gm x 0.25 pm NMOS transistor
at different temperatures (linear scale). Because a higher implant dose is used in
the LDD/extension region, freezeout does not limit the current at 78 K.
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Figure 5.7: Measured [4,-V,, characteristics of a 10 pm x 0.25 pm NMOS transistor
at different temperatures (log scale).
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Figure 5.8: Measured threshold voltage and subthreshold slope of NMOS transistors
at 300 K and 78 K. Threshold voltage is defined as the gate bias which corresponds

to 10 nA x W/L of drain current. All measurements were done with Vz; = 0.1 v.

Figure 5.9: Saturation current for NMOS transistors versus drawn channel length
at 300 K and 78 K. Measurements were made at a gate and drain bias of 3 v.
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Figure 5.10: [45-Vys characteristics of a 10 pm x 0.25 pm NMOS transistor at 300
K and 78 K.

Figure 5.9 illustrates the saturation current versus channel length at room and
liquid nitrogen temperatures. Even at deep submicron dimensions, significant im-
provement can be seen (Figure 5.10). To first order, the gate delay of a single
inverter stage is:

Via

tictay = Cout—— 5.1
detey t]dsat ( )

where (C,,; 1s the output capacitance and Vyy is the power supply voltage. In this
dissertation, the saturation current will be used as the primary figure of merit for

measuring CMOS performance.
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Figure 5.11: Improvement in saturation current for NMOS transistors (normalized
to 300 K). Better improvement occurs if lower power supplies are used. However,
higher power supply voltages result in higher current drive.

5.5.1 Low Power Performance

The amount of improvement in saturation current at 78 K, normalized to 300 K,
is shown in Figure 5.11. The increase is linear and continuous across all channel
lengths from high to low temperatures (Figure 5.12). At short channel lengths, a
40% improvement in current drive can be obtained when the temperature is lowered
from 300 K to 78 K. This amount is similar to the results obtained from cooling
down the 1 pm CMOS process in Chapter 2.

Lowering the power supply voltage (Vys) from 3 volts to 1.5 v results in better
improvement in saturation current because of reduced mobility degradation from
carrier scattering. Since a greater increase in saturation current can be achieved at

lower power supply voltages, better low temperature performance can be expected
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Figure 5.12: Improvement in saturation current at different temperatures for NMOS
transistors of varying channel lengths. Results are normalized to 300 K at a drain
and gate above threshold bias of 1.5 v. A 50% improvement in performance can be
realized even at 0.25 pm.
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in low power systems. In addition, improved reliability can also be expected due to
the lower electric fields. However, the overall system power consumption will rise
dramatically due to the need for a cooling system. System portability and battery

operation are lost in low power systems if low temperature operation is used.

5.5.2 Retrograde Profile Performance

By reducing the thermal cycles and using indium (instead of boron) to implant
the channel region, better low temperature performance is expected because the
profile will be more retrograded. Figures 5.13 and 5.14 show the [4,-V,s and [4,-
Vs characteristics of NMOS transistors with indium implanted channels at different
temperatures. The IV curves and short channel behavior (Figure 5.15) are compara-
ble to the results presented earlier, which used boron implants to shift the threshold
voltage.

Figure 5.16 illustrates the improvement in saturation current at low temperature
between standard (boron) and retrograded (indium) profiles. To eliminate the dif-
ference in threshold voltage on the results, the saturation current is measured using
a gate bias that is three volts above V. Using a retrograded profile, an additional
35% improvement in performance can be achieved.

The improvement in saturation current for different indium profiles is shown in
Figure 5.17. As the dose is increased, the channel doping near the Si-5i0; interface
also increases. Therefore, mobility enhancement at low temperature decreases due
to increased ionized impurity scattering. Reducing the implant dose can further

lighten the channel doping, but can also worsen short channel behavior (Figure 5.18).

87



Figure 5.13: Measured [4,-V,s characteristics of a 10 pm x 0.52 pm NMOS transistor
with indium implanted channel at different temperatures (log scale).

SUPREM-IIT simulation results (Figure 4.11) confirm that the 4210"2c¢m? @ 300 keV

indium implant results in the best retrograded profile.

5.5.3 Halo Implant Performance

To achieve better short channel behavior for a more lightly doped retrograded profile,
a halo implant can be used. Figure 5.19 shows the saturation current improvement
when a halo implant is added. Although the improvement in current is reduced by
25% at 3 v, at lower power supply voltages, the difference is negligible (Figure 5.20).
Over 2x improvement in current drive at 0.5 pgm channel lengths is achievable if the
saturation currents are normalized to measurements at 70°C' (343 K) (Figure 5.21).

Most electronic components designed for room temperature operation are specified

88



Figure 5.14: Measured [;5-V,s characteristics of a 10 pm x 0.24 pm NMOS tran-
sistor with indium implanted channel at 300 K and 78 K. At low gate, high drain
biases, the short-channel output characteristics exhibited a “kink” behavior which
was attributed to freezeout in the substrate. Using a more highly doped substrate
(or a deep substrate implant) should remove this anomalous behavior.
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Figure 5.15: Measured threshold voltage and subthreshold slope of NMOS tran-
sistors with different threshold implants at 300 K. The indium implanted wafers
exhibit nearly identical short channel behavior, after correcting for the difference in
threshold voltage.

Figure 5.16: Improvement in saturation current for NMOS transistors with different
threshold implants at 78 K. Results are normalized to 300 K at a drain and gate
bias above threshold of 3 v.
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Figure 5.17: Improvement in saturation current for NMOS transistors with different
retrograded profiles at 78 K. Results are normalized to 300 K at a drain and gate
bias above threshold of 3 v. The results for a standard (boron) profile are shown

for reference.
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Figure 5.18: Threshold voltage rolloff for NMOS transistors with different thresh-
old implants at 78 K. The light dose retrograded implant exhibits the worst short
channel behavior.
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Figure 5.19: Improvement in saturation current for NMOS transistors with different
halo implants at 78 K. Results are normalized to 300 K at a drain and gate bias
above threshold of 3 v.

to run over a large temperature range (0°C' and 70°C') and typically tend to run
hot, even when cooling fans are used.

As expected, the threshold voltage rolloff is less with a halo implant (Figure 5.22,
although additional refinement of the halo implant is necessary to reduce the large
reverse short channel effect. However, using this particular halo implant with the
1210*2em?@150keV indium implant may result in less reverse short channel behavior

as well as better improvement in current drive.

5.5.4 Threshold Voltage Considerations

Figure 5.23 illustrates the improvement in saturation current at a fixed gate bias

above the threshold voltage. At short channel lengths, these results are 15% higher
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Figure 5.20: Improvement in saturation current for NMOS transistors with different
halo implants at 78 K. Results are normalized to 300 K at a drain and gate bias
above threshold of 1.5 v. The difference between halo and non-halo implanted wafers
are minimal at this lower voltage.
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Figure 5.21: Improvement in saturation current for NMOS transistors with different
halo implants at 78 K. Results are normalized to 343 K at drain and gate biases
above threshold of 3 v and 1.5 v. Comparing the low temperature data to 343 K is
more accurate since typical room temperature electronics run hot.
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Figure 5.22: Threshold voltage and subthreshold slope versus channel length for
NMOS transistors with different halo implants at 300 K. The threshold voltage for
the halo implanted wafer increases at short channel lengths because the effective
channel doping underneath the gate is higher due to the halo pocket.
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Figure 5.23: Improvement in saturation current for NMOS transistors at gate bi-
ases above the threshold voltage. The data has been normalized to measurement
results at 300 K. An additional 15% improvement in performance can be seen after
comparing to Figure 5.11

than earlier results (Figure 5.11) because the shift in threshold voltage from room
to low temperature has been eliminated. In order to determine the amount of ad-
ditional improvement when the threshold voltage is properly chosen, the saturation
current from a low threshold low temperature device should be compared to the sat-
uration current from a low threshold room temperature device. Figure 5.24 shows
the -V, curves from two NMOS transistors. Only the implant dose and energy
in the channel are different. Both devices are optimized for operation at their re-
spective temperatures because of their low off-state current (less than 1 nA) and
minimal off-zones. At 78 K, a lower threshold voltage should be used because of the
improved subthreshold slope. This allows for higher current drive at a given drain

and gate bias.
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Figure 5.24: [,,-V,s characteristics (log scale) of two 10 pm x 0.44 pwm NMOS
transistors at 300 K and 78 K. Each device is optimized for operation at its respective
temperature.
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Figure 5.25: Improvement in saturation current at 78 K for NMOS transistors opti-
mized for 300 K and 78 K operation. All data here has been normalized to the 300 K
optimized devices. With proper adjustment of the threshold voltage, an additional
60% improvement in performance can be achieved.

Figure 5.25 shows the improvement in saturation current at 78 K for the opti-
mized 300 K and 78 K NMOS devices. In both cases, the current is normalized to
the optimized 300 K device. As expected, the optimized 300 K device only improves
by only about 50% at 78 K. This is because the threshold voltage increases to 0.50
v at 78 K (Figure 5.26), creating too large of an “off-zone”, which limits the amount
of current that can be generated for a drain and gate bias of 1.5 v. With proper
shifting of the threshold voltage, a 2x improvement in saturation current can be

easily achieved at short channel lengths.
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Figure 5.26: [,5-V,s characteristics (log scale) of a 10 pm x 0.44 pm NMOS transistor
(optimized for 300 K operation) at 300 K and 78 K. At 78 K, the threshold voltage

shifts too high, limiting the improvement in current drive.
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Figure 5.27: 1;,-V,s characteristics (log scale) of a 10 gm x 0.5 pgm PMOS transistor
at different temperatures. The higher leakage currents at low temperature may be
the result of poor gate oxide quality due to boron penetration.

5.6 Low Temperature PMOS Performance

PMOS device performance and current improvements at low temperature are com-
parable to the NMOS results. Figures 5.27 and 5.28 show the [;-V,, and [s-Vys
characteristics of a 10 pm x 0.5 pm PMOS transistor at different temperatures. The
higher leakage currents at low temperature may limit the effectiveness of operating
CMOS at low temperatures. In addition, the amount of reduction that can be made
in the threshold voltage for an optimal low temperature PMOS device will also be
limited.

Due to the higher diffusivity of boron, good PMOS I-V characteristics were
obtained only down to channel lengths of 0.4 um. Devices below this size showed

punchthrough between the source and drain. Further scaling is necessary to achieve
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Figure 5.28: [;5-Vy,s characteristics of a 10 pm x 0.5 pm PMOS transistor at different
temperatures.

good PMOS behavior at 0.25 pgm. This can be achieved through the following

process modifications:

e Reduction of the source/drain anneal. The limiting factor here will be suffi-

cient activation of the NMOS source/drain dopants.

e Use of a lower energy implant for the boron extension and source/drain im-
plants. High dose, low energy boron implants typically cost more and reduce

wafer throughput.

o Growth of a thinner gate oxide. Gate oxide scaling is necessary to maintain
good short channel behavior at shorter channel lengths. However, boron pen-

etration worsens for thinner oxides.
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Figure 5.29: Improvement in saturation current versus channel length for PMOS
transistors at different temperatures. Results are normalized to 300 K at a drain
and gate above threshold bias of 1.5 v.

e Counterdoping through a halo implant. Implanting phosphorous prior to the
extension implant should minimize the lateral diffusion of boron, resulting in

better short channel performance.

o Increasing the dose of the retrograde channel implant. A higher doping concen-
tration in and below the channel should reduce punchthrough effects, although
the improvement in saturation current at low temperatures may also decrease

due to increased impurity scattering near the S5i-Si0; interface.

PMOS saturation current improvement at different temperatures is illustrated
in Figure 5.29. A 50% improvement in current drive can be obtained at 0.5 um
channel lengths for a supply voltage of 1.5 v, assuming the threshold voltage has

been properly chosen.
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Figure 5.30: [45-V,, characteristics (log scale) of 10 pm x 0.5 gwm PMOS transistors
at 300 K using different poly-gate structures. Even for an 850°C' furnace anneal
(which is not enough to activate the NMOS dopants), boron penetration is evident.

5.6.1 Boron Penetration Effects

With the need to use a thin gate oxide for sufficient gate control at short channel
lengths, rapid thermal annealing must be employed to activate the dopants. Fig-
ure 5.30 shows the I;-V,, characteristics of three different 10 pm x 0.5 pm PMOS
transistors. The dopants were activated using a furnace anneal of 850°C for 15 min-
utes. Even with this low thermal budget and relatively thick oxide (70 A), boron
penetration occurs. The boron that enters the channel region shorts with the boron
present in the source and drain, resulting in high off-state leakage currents. In addi-
tion, the boron neutralizes with the arsenic used for threshold adjustment, leading

to a lower threshold voltage. By implanting nitrogen into the polysilicon or using
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a nitrous oxide gate, boron penetration is suppressed, resulting in low off-state cur-
rents. Alternatively, rapid thermal annealing can be used with a standard Si10, gate,
which was the case in the PMOS results shown earlier in this section. Nevertheless,
some boron penetration may have occurred, resulting in the high off-state currents
observed at low temperature.

The increase in saturation current at different temperatures for the nitrogen
implanted poly wafer is shown in Figure 5.31. An Nj, implant of 4210em? at 20
keV was used. The improvement at low temperature is comparable to standard gate
oxide results and is actually 20% better for 0.5 pm channel lengths at 78 K. N,O
oxide saturation currents are also comparable to standard oxide results (Figure 5.32)

with the additional advantage of low leakage currents (Figure 5.33).

5.6.2 Freezeout Design Issues

The parasitic source/drain resistances associated with different extension implant
doses are summarized in Table 5.5. The method described in [35] is used to extract
R,q from the linear 14,-V,, curves at different channel lengths. As expected, higher
extension doses lead to lower source/drain resistances. Freezeout effects occur at
78 K for NMOS doses below 7x10%em? and PMOS doses below 4x10'em?. A
higher dose is needed to minimize PMOS freezeout because boron diffuses faster
than arsenic. This also explains why R,y is higher at the same doses for PMOS
versus NMOS transistors.

As seen earlier with the 1 gm CMOS devices (Figure 3.6), the linear drain current
is actually reduced at lower temperatures under freezeout conditions (Figure 5.34).

With no freezeout, the linear drain current between 150 K and 78 K increases by
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Figure 5.31: Improvement in saturation current versus channel length for PMOS
transistors with N, implanted poly at different temperatures. Results are normalized
to 300 K at a drain and gate above threshold bias of 1.5 v. Standard oxide results

are shown for comparison.

Implant Rsq (ohms)
Dose c¢m? T:3OOK‘T:218K‘T:150K‘T:78K
521013 50 55 60 90
NMOS 7210 60 55 45 40
(20 keV) | 4x10™ 55 50 45 40
5210 35 15 25 20
52101 145 145 140 200
PMOS 7210 130 95 100 170
(10 keV) 42101 120 125 120 100

Table 5.5: Parasitic source/drain resistance at different temperatures for different

NMOS and PMOS extension implant doses.
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Figure 5.32: Improvement in saturation current versus channel length for PMOS
transistors with nitrous oxide gates SNQO) at 78 K. Results are normalized to 300
K at a drain and gate above threshold bias of 3 v. Standard oxide results are also
shown for comparison.
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Figure 5.33: [,,-V,s characteristics (log scale) of a 10 gm x 0.44 gm PMOS transistor
with N,O oxide at different temperatures. Unlike standard oxide results, there is
no leakage current at low temperature, indicating minimal boron penetration.
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Figure 5.34: Measured [4,-V,s characteristics of a 10 pm x 0.48 pm PMOS transistor
at different temperatures (linear scale). Due to freezeout in the extension region,
the linear drain current at 78 K is lower than the linear drain current at 150 K for
high gate biases.

roughly the same amount as between 218 K and 150 K (see Figure 5.6). Therefore,
for optimum low temperature operation at 78 K, the extension dose must be at least

72103 em? for NMOS and 4210 em? for PMOS.

5.7 Low Temperature Ring Oscillator Perfor-

mance

The propagation delay of a 61 stage ring oscillator at different temperatures is
illustrated in Figure 5.35. The output pad of the buffer is connected to the 50 (2

input of an oscilloscope so that the period of the waveform can be determined. The
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Figure 5.35: Propagation delay per stage of a 0.5 pm 61 stage ring oscillator at 300
K, 218 K, and 78 K.

measured delay is equal to this period divided by two times the number of stages.
The expected gate delay is given by equation (5.1). The measured results are higher
than the predicted value (Figure 5.36) because only the oxide capacitance was taken
into account in the calculation.

Delay improvement for standard and retrograded profiles is shown in Figure 5.37.
As predicted by the device results, an additional 35% improvement in delay at 78
K is achievable using retrograded profiling. The actual amounts of improvement at
78 K are lower than the device results because the threshold voltage shift cannot
be eliminated from the circuit measurements. The threshold voltage shift can be
eliminated by normalizing the 78 K retrograded ring oscillator (Vi ,, = -Vip,p, = 0.4

v) to the 300 K standard ring oscillator (Vis,, = -Vin, = 0.4 v). Propagation delays

109



400
[ 61 stage ring oscillator ]
350 | L ]
b NMOS: W/L = 5/0.5 1

@ PMOS: W/L =10/0.5
Q [
g 300 T T=78K 1
(o))
g [
n .
= i —— Predicted 1
g 250 A Measured ]
>
3
8 L
2 200 | 1
2 [
© ]
(2]
g [ ]
S 150 5 A
o tpd = Cox Vdd/Idsat 1

100 | Idsat = min(NMOS Idsat, PMOS Idsat)

Cout=10um x 0.5um+ 5um x 0.5 um
50 L L L L L | L L L L | L L L L | L L L L | L L L L
1.0 1.5 2.0 2.5 3.0 3.5

Power Supply Voltage (volts)

Figure 5.36: Measured and predicted propagation delay per stage of a 0.5 um 61
stage ring oscillator at 78 K. The output capacitance is assumed to be the input
(gate) capacitance of the next stage. The saturation current chosen is the minimum

of the NMOS and PMOS value.

Figure 5.37: Improvement in propagation delay versus power supply of 0.5 pm 83
stage, 2-input NOR ring oscillators with different channel profiles at 78 K. Results
are normalized to 300 K.
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Figure 5.38: Improvement in propagation delay versus power supply of a 0.5 um 83
stage, 2-input NOR ring oscillator with retrograded channel at 78 K. Results are
normalized to a 300 K ring oscillator with a standard channel profile. The amount
of delay improvement here includes the temperature change, the use of retrograde
profiling, threshold voltage normalization, and improved metal conductivity.

are reduced by more 2x below power supplies of 3 v (Figure 5.38) and reach 3x at

1.5 v.

5.8 Conclusion

NMOS devices, PMOS devices, and CMOS circuits have been successfully fabricated
and tested at low temperature. Process splits were made several steps in the process
flow in order to evaluated their impact on low temperature performance. By replac-
ing a standard channel profile with a retrograded profile, up to 35% improvement

in current drive can be achieved due to the reduction in impurity scattering along
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‘ Process Change ‘ Improvement ‘ Reference

None (cooling only) 35% Figure 5.11
Retrograde channel profile +35% Figure 5.16
shift V;;, back to room temp +10% Figure 5.23
Reduce Vi, by 50% +100% Figure 5.25
(maintain same [,¢¢)

‘ Total improvement: 180% ‘ ‘

Table 5.6: Breakdown of expected improvements and their sources for 0.5 pgm CMOS
at 78 K and a power supply of 3 v.

the Si-Si0; interface. To further improve short channel effects, a halo implant can
be added.

At low temperature, the threshold voltage can be reduced well below the room
temperature value due to the improvement in subthreshold slope. Up to 60% im-
provement can be obtained with aggressive scaling of V;;,. Freezeout effects can be
eliminated by increasing the doses of conventional LDD implants and using a dual
polarity gates. Although switching to p™-poly results in possible boron penetration,
implanting nitrogen into the polysilicon or using an high-x gate dielectric can be
employed to minimize its impact.

Table 5.6 summarizes the expected improvements that each successive process
change will have on the performance of 0.5 ym CMOS at 78 K for a power supply
voltage of 3 v. The additional improvement in circuit performance (see Figure 5.38)
can be associated with higher metal conductivity. Reducing the power supply will
reduce the current levels and increase the propagation delays, but the amount of

improvement through cooling will be significantly more (see Figure 5.11).
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Chapter 6

Conclusion

6.1 Summary

In this dissertation, device design issues for optimum low temperature CMOS have
been presented. The improved current drive and subthreshold slope make low tem-
perature CMOS ideal for high performance, digital applications. The reduction of
thermal noise also makes low temperature CMOS attractive for analog circuits, such
as low noise amplifiers. Conventional room temperature CMOS generally behaves
poorly at lower operating temperatures, leading to a very pessimistic outlook on its
usefulness. The sources of this poor performance are carrier freezeout and the in-
crease in threshold voltage. To design better performing devices and circuits at low
temperature, TCAD simulation tools can be used. A good fit to measurement results
can be achieved by accounting for the temperature dependent modeling parameters.
By modifying just a few steps of an existing, room temperature process flow, bet-

ter low temperature performance can be achieved. Implementation of these minor
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changes is more readily acceptable (from an economic standpoint) than proposing
a novel device structure or process flow.

Threshold voltage plays an key role in determining performance improvement at
low temperature. By not accounting for its increase, devices will be “off” for too
much of the voltage swing. At 78 K, the threshold voltage can be reduced to 50%
of its room temperature value without leading to an increase in off-state leakage
currents. Freezeout effects can be minimized by increasing the dose of the extension
implant and switching to dual-polarity gates. Although boron penetration becomes
problematic with the use of p*-poly, nitrogen implantation in the poly or the use
of high-« dielectrics can be used to solve this problem. Further refinements to the
channel, such as retrograding the profile, will lead to additional improvements in
low temperature performance. Along with proper scaling of the oxide thickness and
junction depth, a 2x improvement in current drive and as much as a 3x improve-
ment in circuit performance has been demonstrated at deep-submicron dimensions.

Operating temperature can still be used today to scale the performance of most

CMOS applications.

6.2 Suggestions for Future Work

Although this work has focused on device and some circuit performance issues at
low temperature, several additional items can be addressed to further support the

merits of low temperature CMOS. These include the following:

o Low temperature performance at sub-100 nm dimensions. Device design below
0.1 pm is currently underway [36]. The amount of improvement that can be

achieved at this dimension through cooling is unknown. As velocity saturation
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becomes more and more of a limiting factor (instead of mobility) at deep sub-
micron dimensions, low temperature operation may be less attractive at 100
nm and below. Nevertheless, with proper scaling and process modification,
a 2-3x improvement in performance may still be possible, as was seen from

scaling 1 pm CMOS down to 0.5 um.

Low temperature reliability of alternative gate dielectrics. Although high-«
gate dielectrics and nitrogen-into-poly implantation can be used to suppress
boron penetration, their impact on device reliability at low temperatures has
not been thoroughly studied. Room temperature results are promising [28]-
[29], and some low temperature work has been done on reoxidized-nitrided
oxides [37], which should be similar to the thermally grown nitrous oxide

gates presented here.

Freezeout modeling. Current TCAD tools do not take Mott’s transition into
account when dealing with freezeout. Therefore, poor current drive typically
results if the option is turned on. Additional parasitic source/drain resistance
can be substituted, resulting in a better linear fit, but the subthreshold fit
for buried channel devices is poor (Figure 3.16). A concentration dependent
freezeout model at low temperature is clearly necessary to model the device
behavior from the subthreshold to linear regime. Otherwise, it will not be pos-
sible to predict both linear and subthreshold device performance, and circuit

performance can be under- or over-estimated.

Higher level circuit performance. Extraction of the low temperature device

characteristics presented in this work to HSPICE should be done so that the
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performance of more advanced digital and analog circuits can be studied. Ret-
rograding the doping profile may produce less desirable effects on the circuit
level, such as an increased V;j, shift with back-gate bias. This can lead to poor

performance when transistors are stacked together in series.
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