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Investigation of Self-Heating and Reliability
Issues in Lateral DMOS by Using an Additional

Metal Contact Structure

Student: Jia-Fu Lin Advisor: Dr. Tahui Wang

Department of Electronics Engineering &
Institute of Electronics

National Chiao Tung University

Abstract.

Lateral Double-Diffused MOS (LDMOS) have been widely utilized in power
electronics, for example, LCD drivers, power switch, and ratio frequency power
transistor in high voltage integrated circuits. In this study, we will characterize the
self-heating and hot carrier reliability issues in LDMQOS by using an additional metal
contact structure.

Degradation of electrical characteristics in LDMOS transistors in various hot
carrier stress modes is investigated. A novel three-region charge pumping technique is
proposed to characterize interface trap (Ni) and bulk oxide charge (Qox) creation in
the LDMOS. A special metal contact structure is fabricated to identify the flicker
noise in MOS and LDMOS. The correlation of flicker noise degradation and stress

induced oxide damage region will be analyzed. A two-dimensional numerical device



simulation is performed to explain the measurement result. Our characterization
shows that max. lq stress causes largest drain current degradation and flicker noise
degradation because of both interface trap generation in the channel and bulk oxide
charge creation in the bird’s beak region. The growth rates of Nj; and Qox are extracted
from the proposed charge pumping method.

Self-heating effect (SHE) in LDMOS is also investigated by using the special
metal contact structure and a fast transient circuit. Transient hot carrier degradation in
LDMOS is also investigated. Our characterization shows that drain current
degradation in AC stress is more serious than in DC stress because of the elimination
of self-heating effect. The stress-frequency dependence of device degradation mode

due to self-heating effect will be analyzed.
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Chapter 1

Introduction

In recent years, power device are strongly demanded for the applications in driver
circuits [1], power switches [2], and ratio frequency (RF) power amplifiers [3]. The
integrated  bipolar, complement metal-oxide-semiconductor (CMOS), and
double-diffused metal-oxide-semiconductor (DMOS) process has been developed to
realize complex single power ICs [4,5]. Among the candidates of high-voltage devices,
lateral DMOS (LDMOS) transistors are most attractive because they can easily
integrated with standard low-voltage CMOS process [2,4-5]. Since the LDMOS has
been widely utilized in high-voltage and high-current output circuits [6,7], the
reliability issues in both DC (Fig. 1.1) and AC ( Fig. 1.2) conditions becomes more
and more important.

Hot carrier effect, flicker noise, and self-heating effect are three major reliability
issues in LDMOQOS. In driver application, LDMOS is biased at high drain voltage,
which would result in serious hot carrier degradation. Various hot carrier stress modes
may generate interface traps and oxide charge in different regions of the device. The
profiling of trap distribution and characteristics is important to the study of the device
reliability. For RF power amplifiers, the LDMOS is operated in high-power and
high-frequency conditions. High-power would increase heat generation in LDMOS
and thus the self-heating effect can be observed. In addition, as the LDMOS is used in
amplifier application, low frequency noise (flicker noise) behavior would become
important. In order to reduce the low frequency noise in LDMOQOS, the correlation
between stress mode and flicker noise degradation must be studied. Since LDMOS is

sometimes subjected to AC stress rather than DC stress, we also investigate the effect



of transient hot carrier degradation [10] especially for temperature-related reliability
issues.

This thesis is organized as follows: Chapterl is introduction. Chapter2 shows
various DC hot carrier degradation modes and their corresponding flicker noise
charcateristics. A three-region charge pumping technique and two-dimensional device
simulation are used. Chapter3 shows the impact of self-heating effect on hot carrier
degradation in LDMOS. Transient circuit measurement is used to characterize
self-heating effect. A special metal contact structure is fabricated to characterize the

self-heating time and internal voltage. Finally, we will make a brief conclusion.
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Chapter 2
Drain Current Flicker Noise Degradation in

Various Hot Carrier Degradation Modes

2.1 Introduction

Recently, LDMOS has been widely utilized in high-performance radio frequency
(RF) components. The signal-to-noise ratio in RF power amplifiers will seriously
affect the device performance. In order to reduce low-frequency noise in analog
devices, the physical origin of flicker noise in LDMOS devices should be further
explored. Since LDMOS is always biased at high drain voltage, hot carrier
degradation would become a serious issue. Thus, various hot carrier stress modes
induced oxide damage should be discussed.

In this chapter, we used a three-region charge pumping (CP) technique to probe
hot carrier stress induced oxide damage in a LDMOS. The n-LDMOS used in this
work was processed in a 0.18um CMOS technology with a gate oxide thickness of
100nm and a field oxide thickness of 500nm. The operation voltages are V4=40V and
V¢=40V. Fig. 2.1(a) shows the cross-section of a LDMOS with an additional metal
contact to sense an internal voltage. This small contact is arranged in a drift region
with a n+ implant. The device is divided into three regions. Region (I) is the channel
region. Regions (I1) and (I11) are the accumulation region and the field oxide region.
The length of each region is denoted by Lcpan(=3um), Lace, and Lo, respectively. The
gate width is 20um and the threshold voltage is 1.5V. The device flat-band voltage
(Ves, solid line) and threshold voltage (V1, dash line) distribution of the three regions

are plotted in Fig. 2.1(a). A two-dimensional device simulation is performed to



identify an impact ionization generation (11G) region in the device. In addition, two
flicker noise measurements, low Vg (Vg=2V, Vd=0.1V) noise and high Vg (Vg=18V,
Vd=0.1V) noise, are performed before and after hot carrier stress.

Three stress modes, mode A (max. lp), mode B (V¢~1/2Vg), and mode C (max. lg)
are investigated. The 13-V, and I,-Vy of a n-LDMOS are shown in Fig. 2.2(a). The
maximum I, (mode A) occurs in V¢/V¢=8V/50V and maximum Iy (mode C) occurs in
V¢/V4¢=50V/50V. The bias conditions of the three stress modes are also shown in the
Fig. 2.2(b). Subthreshold slope and linear drain current (lgi,) are measured to monitor

device performance degradation.

2.2 Three-Region Charge Pumping Technique

The gate voltage waveform in CP measurement is illustrated in Fig. 2.1(b) with a
fixed Vgn=12V and a variable V. For the 100nm thick gate oxide, Vy is switched
from +3.6V to -40V without a significant gate oxide tunneling current. In this Vy
range, all the three regions of the device can be probed. The measurement frequency
is 200 kHz. Typical CP measurement result is shown in Fig. 2.3. The charge pumping
current (Ip) exhibits three stages, corresponding to the three regions of a n-LDMOS
respectively. It should be noticed that each stage has their corresponding threshold
and flat-band voltage. By measuring the change of Ic, and Veg after stress in each
stage, we are able to separate Nj; and Q.x in each region of the device, for example,

ANji(channel)=Al¢p(stage 1)/qfWLchan, AQox(acc.)=AVeg (stage 2)-C/q and so on.

2.3 Flicker Noise Measurement

A special device structure incorporating a metal contact in a drift region is

fabricated, which allows us to separately measure the oxide degradation in each part



of a LDMOS. The channel region of LDMOS can be considered as an intrinsic MOS.
The comparison between LDMOS and MOS is discussed in Fig. 2.4 and Fig. 2.5. The
DC characteristic of MOS (Fig. 2.4(a)) is nearly the same as the LDMOS, indicating
that the low Vg LDMOS current is mainly controlled by the channel region. Fig.
2.5(a) further shows a similar result. The flicker noise of LDMOS in low Vg
operation is mainly controlled by the channel region. In high Vg measurement, the
drift region limits the LDMOS current and a difference in current distribution is
observed in Fig. 2.4(b). Thus, the flicker noise of LDMOS in Fig. 2.5(b) exhibits a

smaller noise behavior.

2.4 Three Hot Carrier Stress Modes

2.4.1 Max. I, Stress Mode

Fig. 2.6(a) shows the I¢, in a fresh device and after 1400 sec. max. I, stress
(@Vy/Vq =8VI50V). The post-stress I¢, in the first stage is nearly the same as the
pre-stress one, indicating that region (I) oxide is not damaged by the stress. The
post-stress I, in stage 2, however, exhibits an upward shift while the flat-band voltage
keeps the same (no rightward shift in the Icp). This feature suggests Ni: generation in
region (I1) but no Qox creation. Numerical device simulation also shows the maximum
I1G rate in region (I1) (Fig. 2.6(b)). Although interface trap generation is observed
from the I, the subthreshold swing of the device is not affected because the
generated Nj; is distributed in region (I1). In addition, lq;, degradation is not observed
either. Fig. 2.7(a) and (b) show the flicker noise of LDMOS in low Vg and high Vg
measurement, respectively. A significant flicker noise increase is observed in high Vg
measurement. Since gate voltage in high Vg measurement is higher than threshold

voltage, the flicker noise would be mainly affected by interface state. Thus, an



increase flicker noise in Fig. 2.7(b) and no Idlin degradation are observed.

2.4.2 Vg~1/2Vd Stress Mode

The ¢, results before and after mode B stress (@Vy/Vq =30V/50V) are shown in
Fig. 2.8(a). Nj: generation in stress mode B is relatively small and can be realized due
to a smaller substrate current (or a smaller 11G region in Fig. 2.8(b)), as compared to
stress mode A. Unlike stress mode A, a distinct flat-band voltage shift in region (I1) is
noticed, which is manifested by a rightward shift of the I¢, in stage 2. An arrow is
drawn in Fig. 2.8(a) to indicate the flat-band voltage shift (AVeg2). The rightward shift
of the slope is caused by negative Q.x creation in region (Il). As the stress time
increase (Fig. 2.9), the slope in stage 2 keeps the same and AVgg, versus stress time
can be extracted. From the extracted AVrgy, the average Qox. generation rate (Fig. 2.9)
can be calculated by using the equation in section 2.2. Because of negative Qox
creation, the resistance beneath the bird’s beak increases. At a large Vg, region (I)
resistance is relatively small and the resistance in the bird’s beak region has a larger
effect. Thus, lqgin degradation at a higher measurement Vg =40V is observed (Fig.
2.10). The flicker noise results before and after stress are shown in Fig. 2.11. Since
Nit generation in region (Il), the flicker noise also increases in high Vg noise

measurement (Fig. 2.11(b)).

2.4.3 Max. lq Stress Mode
Fig. 2.12(a) shows the I, result before and after max. lg stress (@Vy/V4=50V/50V)
for 1000 seconds. Significant Nj: and Qox generation was noticed in region (1) and (11),
respectively. It should be pointed out that a two-dimensional device simulation reveals
that the 11G region splits into two parts (Fig. 2.12(b)); One is in the channel (region (1))

and the other is underneath the bird’s beak. Two different stress induced oxide

8



degradation mechanisms are noticed; One is N;j; generation in region (1) and the other
is negative Qox creation in region (I1). These two trap creation processes are reflected
by an upward shift of the first stage I, denoted by Al and by a rightward shift of the
second stage Iy (AVEg2 in Fig. 2.12(a)). In contrast to stress mode A, N generation
occurs in region (I) rather than in region (Il), which results in a significant
subthreshold swing degradation (Fig. 2.13) in stress mode C. In addition, Qox.
creation results in a more serious lgjin degradation (Fig. 2.14) in mode C than in mode
B. Note that the lq;, degradation in Fig. 2.14 is more apparent at a larger VVg. This is
because the region (Il) resistance occupies a larger part of the total resistance at a
larger Vg.

The Niy and Qox2 growth rate in stress mode C are shown in Fig. 2.15 and Fig.
2.16, respectively. The growth rate obeys a power-law time dependence and the
average power factor is around 0.25, which is in agreement with [11]. Due to oxide
charge creation in region (Il), a larger region (II) resistance results and the current
flow in region (1) is pushed deeper into the substrate. Consequently, mobility exhibits
a saturated effect and thus 14, degradation shows a tendency to saturate in Fig. 2.17.
This mobility saturation model is also described in [12,13] for MOSFET and [14] for
LDMOS structure. By comparing mode A and B, the post-stress flicker noise exhibits
an increase in Fig. 2.18(a) and (b) because of the Icp increase in channel region and

Nit generation in accumulation region.

2.5 Summary

Drain current flicker noise degradation in various hot carrier modes is investigated.
Max. Ib stress mode shows a significant flicker noise increase in drift region but no
Idlin degradation. The increased flicker noise is attributed to the interface trap

generation in drift region. Max. Ig stress mode shows a degradation of flicker noise in

9



both channel region and drift region because of interface trap generation in these
regions. The Idlin degradation in max Ig stress mode is worse than max. Ib stress
mode, which is attributed to the negative oxide charge creation in drift region. The
LDMOS degradation behavior and trap properties in the three stress modes are

summarized in Table 2.1.
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Fig. 2.1 (a) Cross-section of a metal contact n-LDMOS and corresponding
flat-band (solid line) and threshold (dash line) voltage distribution.
The device is divided into three parts, Lcyan (Channel region), L
(accumulation region), and Ly, (field oxide region).
(b) Hlustration of a charge pumping measurement wave form. The

V=12V is fixed and Vy, varies from +3.6 to -40V.
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(a) Substrate current and gate current versus gate voltage in a LDMOS.
Three different stress modes are shown in the figure, mode A
(maximum lp), mode B (Vy~1/2Vy), and mode C (maximum lg).

(b) The bias conditions of the three stress modes.
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Fig. 2.7 (a) Low gate voltage and (b) High gate voltage flicker noise before

and after mode A stress. The increase of high gate voltage flicker

noise is caused by trap creation in the drift region.
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Table 2.1

Mode A B C
(Va/Vvd) (8V/50V) (30V/50V) (50V/50V)
Trap Region | Region | Region | Region | Region | Region
Location () (1) () (1)) ()] (1)
Tra
property | A | Ne | NA | Q[ Ne | Qn
Device
Deg_ N/A N/A N/A Id“n Isubthreshom Id“n
Noise N/A Increase N/A Increase | Increase | Increase
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Chapter 3
Impact of Self-Heating Effect on
Hot Carrier Degradation

3.1 Introduction

Lateral diffused MOS (LDMOQOS) transistors have been widely utilized in today’s
high-voltage/high-current drivers and RF power amplifiers [3,10]. High power
consumption would increase heat generation in LDMOS and thus the self-heating
effect (SHE) can be observed. SHE would significant affect the drain current and
result in a negative output conductance [15]. Since LDMOS is subjected to AC stress
rather than DC stress in certain applications, it is imperative to investigate the SHE on
transient hot carrier degradation. To the purpose, we fabricate a special LDMOS
structure, which incorporates a metal contact in the drift region. Thus, an internal
voltage transient due to SHE can be probed directly.

Linear drain current (lain@V¢/V¢=40V/0.1V) is measured to monitor device
degradation under AC or DC stress. A three-region charge pumping technique [16] is
used to locate the damage area and corresponding trap properties. Two-dimensional
device simulation is also performed to calculate impact ionization generation (11G)

rate in SHE and non-SHE conditions.

3.2 Self-Heating Effect

The setup for a transient measurement is shown in Fig. 3.1. A small resistance
(10€2) is arranged for the purpose of transient current measurement. The transient

measurement of different device width and length is shown in Fig. 3.2. The SHE is

28



more serious in a larger (W/L) device due to a higher current density. Fig. 3.3(a)
shows the normalized drain current (1s/W) versus Vg4 in small and large width devices
under DC (Agilent 4156) measurement. The 1g/W in linear region is nearly the same,
indicating no process variations in these two devices. However, the larger width
device exhibits a smaller 14/W in the saturation region. The reduction of the saturation
current is attributed to self-heating caused mobility degradation. Fig. 3.3(b) further
shows the 1¢/W in a DC and a fast transient measurement for a large width device. A
larger 14/W is noticed in the transient measurement because of the elimination of SHE.

A metal contact structure is used to probe the internal voltage (V) near the
bird’s beak, as shown in Fig. 3.4. Three-regions of a LDMOS are indicated, including
channel region, accumulation region and field-oxide region. The contact is arranged in
accumulation region with a n+ implant. Since the contact area is small enough that the
device electrical characteristic would not be affected. A V,-Vy measured by DC
(Agilent 4156) and a fast transient setup is shown in Fig. 3.5. Note that SHE is
negligible in the fast transient measurement. A larger internal voltage in non-SHE
condition is observed, which implies a stronger hot carrier stress in the channel region.
The larger V, in a non-SHE condition is attributed to a higher mobility in
accumulation region, and thus results in a smaller drift region resistance.

Fig. 3.6 shows a temperature distribution in LDMOS. Since the existence of
field-oxide, heat could not be easily eliminated. Thus, field oxide region would
exhibit a higher temperature distribution. Fig.3.6 also compared the temperature
distribution in high Vg and low Vg operation. Since power consumption in high Vg is
larger than in low Vg, a higher temperature can be observed. Fig. 3.7 shows the drain
current increase versus power consumption. A linear function of power consumption

is observed [17,18].
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3.3 AC Hot Carrier Stress

Two stress modes (max. Ig, and max. lg) [16] are chosen in the study of the
transient hot carrier degradation. The I4-Vg and Ig-Vy of a n-LDMOS are shown in Fig.
3.8 and corresponding stress modes are indicated. Fig. 3.9 shows the lqi, degradations
in AC and DC stress conditions at the above two stress modes. Max. Ig stress mode
shows a slight difference in lgi, degradation between AC and DC stresses, implying
that SHE is not important at a lower Vg stress. However, in max. lg stress mode, AC
stress shows more serious lqjin degradation than DC stress. Fig. 3.10(a) shows the lgin
degradation versus stress frequency at max. lg stress. The lqjin degradation possesses a
strong stress frequency dependence. The degradation increases with frequency and
then becomes saturated. A corner frequency (f1=20 KHz) is indicated in Fig. 3.10(a).
In addition, the duty cycle dependence of lgji, degradation is shown in Fig. 3.10(b).
The lqjin degradation decreases from duty cycle=10% to duty cycle=100% (DC stress).

Fig. 3.11(a) shows a V, versus voltage pulse time. A SHE time constant is
extracted to be around 5us. We normalized the stress frequency and duty cycle
dependence to on-sate stress time (=Duty cycle / frequency) and the correlation of
them is shown in Fig. 3.11(b). The above result suggests that SHE becomes important

as pulse time is longer than ~5us.

3.4 Degradation Characteristics in AC/DC Stress

Max. Ig AC and DC stress are investigated in this section. A largest lgin
degradation in AC stress phase is observed in Fig. 3.12 and corresponding I, result is
shown in Fig. 3.13. Two different stress induced oxide degradation mechanisms are
indicated; one is the Ig increase in channel region and the other is Veg shift in

accumulation region. By comparing the pre-stress and post-stress Icp,, AC stress shows
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more serious lgp1 increase and Vegy shift than DC stress one. A two-dimensional
device simulation is performed to calculate impact ionization rate with and without
SHE (Fig. 3.14). The simulation also confirms that non-SHE condition (Fig. 3.14(b))

has a larger impact ionization rate.
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Fig. 3.1 Measurement circuit setup for transient drain current and internal
voltage (V|) measurement. The resistance (10Q) is smaller than
the total resistance (~40V/10mA~4kQ).
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Fig. 3.4 The cross-section of a LDMOS and flat-band voltage distribution
in each region. The metal contact (1) is arranged in the bird’s beak
region with a n+ implant. This metal contact is small enough that
width it would not affect the electrical characteristics of a
LDMOS.

35




25 ———m—————

| . ]
m Vd=40V
L .\. d
20F m i
! e 00 ]
~~ [ | D\

b m -
> - \l\ :
15 —m—DC Meas. .
— 00— Transient Meas. o

10 . e, ———l TR oo SRR o I

0 10 20 30 40

Vg (V)

Fig.3.5 Internal voltage versus gate voltage in a LDMOS. An increase in
an internal voltage is observed in the transient measurement.

36



P 17312

w
()
(00)
adwa |

w
(@»)
S
(1) ainjey

(b)

(M) aunyesadwa |

Simulation of temperature distribution in a LDMOS for (a)

Fig.3.6
Vg=10V and (b) Vg=40V.

37



h

V/ ]
40F Va(Vv) / ]
S 35 —=—10 ] Ve 1
: 30 20 / -
g .5l 30 v )
S —v—40 v/
S 20} / -
O 15} . -
S | &
— 10} o -
- W/L=20/3 -
05F wy -
000 005 010 015 020 025 030 0.35
power(W)

Fig. 3.7 Power consumption versus Id degradation.

38



Max. Ib Max. Ig

0=l 10 NNl 20 B=50

Fig. 3.8 Substrate current and gate current versus gate voltage i

LDMOS.

39




| . Degradation (%)
IaN

Fig.3.9

DC Stress
AC Stress

W/L=20pm/3um

Maxlb Max.1g

lqiin degradations in AC and DC stress conditions in max. I1b and
max. g stress modes.

40



g W/L=20pm/3um
5 (a) Y m
S .
S, 6} : :
A v
g
u Duty=10%
4 P | M PSPPI | NP | N
1 10 100
Stress Frequency (kHZ)
8 E ¥ E T IIII v I v !

Stress frequency
| @ 20kHZ

\l\
4 —_— 1 ,/,/ . 1 .
0.0 0.2 0.9 1.0
Duty Cycle

| Degradation (%)
()]

Fig. 3.10 (a) Idlin degradation versus stress frequency. A transition
frequency is observed around f;=20kHz. (b)ldlin degradation
versus duty cycle.

4



Voltage (V)

Fig. 3.1

40 ]
1 o— V
30 J -
~5us
08— | V'/*@/ '
0 20 40 60 80 100
Pulse Time (usec)
< (b) —m—Duty cycle=10%
5 o Duty cycle=90%
= | B
5 f1
O
H
4 NPT | PPN | NEEPEPEPEPPY | MEEPEPEPEPPY |
1 10 100 1000

Duty / frequency (u sec)

1 (a) The transient of an internal voltage (V,) for a gate pulse of
50us with Vg/VVd=40V/40V. A decreasing V, is observed after a

heating time around 5ps.
(b) Idlin degradation versus on-state pulse time (=duty

cycle/frequency). The transition frequency (f1) in Fig. 3.10(a) is
also indicated in the figure, which corresponds to an on-state
pulse time of 5us.

42



| . Degradation (%)

Fig. 3.12 Idlin degradation rate after max. Ig AC and DC stress. The stress

10 g p
O
o
ks -
5 -
D/ /./
u
1F ./ 1
[ / — 0 AC Stress
N —M— DC Stress |
10° 10" 10° 10°

Stress Time (sec)

frequency =20kHz and duty cycle=0.1.

43



—=—Fresh

[ o, 116
) Ty, —o—Post DC Stress
— o — Post AC Stress -
o} y 1.2
I—fox I _ i 0 8 '§
""" == = S 1Y% =
U IR ] 2
z ] 0.4
I—chan ! 1
W___vilr, B —EATHEE S W D 100
1P 82 _ EBal bl 1 0% o 0

Vgl (V)

Fig.3.13 Threes region charge pumping measurement results after
maximum Ig AC stress and maximum Ig DC stress. A flat-band
voltage shift and an increased ICP are observed in accumulation

region and in channel region, respectively.

44



Fig. 3.14 Two-dimensional device simulation of impact ionization
generation (1IG) distribution (a) with heat flow analysis
(corresponding to max. Ig DC stress mode) and (b) without heat
flow analysis (corresponding to max. Ig AC stress mode). A
larger 11G region is observed in both channel region and drift
region.
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Chapter 4

Conclusions

In Chapter 2, a three-region CP technique has been developed to characterize
hot carrier stress induced oxide degradation in each region of a LDMOS. The trap
location and property in various stress modes are identified and their impact on device
characteristics has been evaluated. Our study reveals that the device subthreshold
swing degradation is mainly affected by interface traps in the channel region while the
linear drain current degradation is dictated by oxide trapped charge in the drift region.
Low-frequency noise characterization is also performed to investigate the hot carrier
stress effects. Our study shows that the low Vg and high Vg flicker noise are affected
by channel region and drift region, respectively. In addition, max. Iy stress results in
the worst hot carrier degradation in a LDMQOS, which is attributed to both Nij
generation in the channel region and Q,x generation in the bird’s beak region.

In Chapter 3, the characterization of self-heating effect has been investigated.
Self-heating effect on transient hot carrier behavior has been studied by measuring the
internal voltage. The self-heating time (~5us) is extracted. The max. Iy AC stress has
the worst hot carrier degradation due to the elimination of self-heating effect. The
charge pumping result shows that hot carrier degradations can be characterized by
lp1 increase (Nit generation) in the channel region and Veg, shift (oxide charge

creation) in the accumulation region.
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