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Effect of Gate-Oxide Degradation on Electrical
Parameters of Power MOSFETsSs

Ujjwal Karki

Abstract—Gate oxide in power metal-oxide—semiconductor field
effect transistors (MOSFETs) degrades over time. The degrada-
tion leads to an accumulation of oxide-trapped charges within the
gate oxide and an accumulation of interface-trapped charges at
the oxide—semiconductor surface of power MOSFETs. Overtime,
such charges significantly alter the electrical parameters of power
MOSFETs; to observe this, the electrical parameters are utilized
as precursors of gate-oxide degradation. The purpose of this paper
is threefold: 1) to propose a new online precursor of gate-oxide
degradation—the gate plateau time; 2) to demonstrate a simul-
taneous dip-and-rebound variation pattern of four precursors of
gate-oxide degradation: threshold voltage, gate plateau voltage,
gate plateau time, and on-resistance; and 3) to compare the shift
tendencies of each precursor over the course of gate-oxide degra-
dation. The existing studies of gate-oxide degradation mechanisms
and their effects on threshold voltage and mobility reduction were
extended to correlate a variation of all four precursors using an-
alytical expressions. The variation patterns were experimentally
verified using high-electric field stressing in two different commer-
cial power MOSFETs. The new precursor, the gate plateau time,
was found to be a competitive gate-oxide degradation precursor,
as it had a higher positive shift than threshold voltage and gate
plateau voltage. In addition, the threshold voltage was found to
be the most sensitive indicator of the negative shift (dip), while
the on-resistance and gate plateau time were found to be the most
sensitive indicators of the positive shift (rebound).

Index Terms—Gate oxide, metal-oxide-semiconductor field ef-
fect transistor (MOSFET), oxide degradation, precursor, turn
around.

I. INTRODUCTION

HE power metal-oxide—semiconductor field effect tran-
T sistor (MOSFET) is recognized as a crucial component
of power electronic systems. It has a relatively thick gate ox-
ide layer as a dielectric material between its gate terminal and
semiconductor surface. The gate oxide material, which is pre-
dominantly silicon dioxide (SiO3), slowly degrades over time.
The degradation of gate oxide under an electric field has been
a subject of extensive investigation for nearly two decades
[1]-[7]. These studies have established that the degradation of
SiO, introduces two primary charges that significantly alter the
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Fig. 1. Typical turn-on waveform of power MOSFETs.

electrical parameters of a power MOSFET: 1) oxide-trapped
charge (QQo) within gate oxide, and 2) interface-trapped charge
(Qy) at the oxide-silicon interface.

The electrical parameters serve as precursors (or indicators)
of gate-oxide degradation in power MOSFETs. However, in
terms of observing the effects of gate-oxide degradation, very
few precursors have been identified. The threshold voltage (Vry)
is the most commonly studied precursor of gate-oxide degrada-
tion in power MOSFETs [2], [4]-[10]. The on-resistance (Ron),
though a well-known precursor, has mostly been studied for as-
sessing package-related failures during thermal or power cycling
of power MOSFETsS [11]-[14], and thus, very few studies have
assessed its role as a precursor of gate-oxide degradation [15],
[16]. However, it is shown later that Ron varies significantly
over the stress period, and should therefore be considered an
important precursor of gate-oxide degradation. Recently, the
gate plateau (or miller) voltage (Vsp) was proposed as an online
precursor of gate-oxide degradation for power MOSFETs [17].
In this paper, the gate plateau time (¢gp) is proposed as a new
online precursor of gate-oxide degradation. In comparison to
Vip, this new precursor is shown to be a more sensitive indica-
tor of Qy. It is interesting to note that online precursors, unlike
off-line precursors, can be extracted without affecting system
operation. The extraction of online precursors Vry, Vgp, and
tgp can all be done from the same turn-on waveform of a power
MOSFET shown in Fig. 1.

The precursors exhibit a distinct variation pattern due to ac-
cumulation of Q) and @; over the course of gate-oxide degra-
dation. In [2] and [4]-[6], it is reported that the threshold voltage
initially decreases (i.e., dips) due to a buildup of positive Q,
but it rises back to its initial value and beyond (i.e., rebounds)
due to an accumulation of negatively charged @Q;;. This dip-and-
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Fig. 2. Expected variation of precursors over time.

rebound variation is also known as the turnaround effect [2], [8],
[18], [19]. Recently, a similar dip-and-rebound variation pattern
was also observed in gate plateau (or miller) voltage [17]. On the
other hand, some literatures have reported that precursors only
increase (or rebound) over time. For instance, the threshold volt-
age and the on-resistance have been reported to only increase
due to gate-oxide degradation [9], [10], [16], [20]. While con-
firming the dip-and-rebound variation pattern of precursors, we
observed that, if measurements were not taken at brief intervals
especially during initial stages of degradation, the initial dip
might not be observed at all. This is because the effect of @
is dominant during initial stages of degradation [1], [8], [17],
[21], and depending upon the electrical stress, its effect may
be observable for a relatively short time. It is important to note
that all electrical parameters mentioned earlier, i.e., Vry, Ron,
Vip, and tgp, bear a strong analytical relationship with Qo and
Qi through the threshold voltage (to be discussed later). There-
fore, we can expect the variation of other precursors to replicate
the dip-and-rebound variation pattern of Vg over the course
of gate-oxide degradation, as shown in Fig. 2. The precursors
initially dip, reach their minimum values at turnaround point,
and then rebound to their initial values and beyond.

The dip-and-rebound variation of electrical parameters due
to gate-oxide degradation can be detrimental to device per-
formance, reliability, and efficiency. The dip may cause the
threshold voltage to shift to negative values (as shown in the
experimental results later), which may cause a “normally OFF”
(or enhancement type) MOSFET to become a “normally ON”
(or depletion type) MOSFET, or may result in a MOSFET with
high OFF-state leakage current [6], [22]. This is a very seri-
ous problem as it can lead to unintended operation of power
electronic devices. In a similar manner, the rebound causes si-
multaneous increase of Ron, Vgp, and tgp, which correspond to
an increase in on-state loss, switching loss, and switching time
of the MOSFET, respectively. A holistic approach that predicts
the dip-and-rebound variation of all four precursors is therefore
necessary to understand the effect of gate-oxide degradation on
power MOSFETs.

The purpose of this paper is threefold: 1) to propose a new on-
line precursor of gate-oxide degradation—the gate plateau time;
2) to demonstrate a simultaneous dip-and-rebound variation pat-
tern of all four precursors of gate-oxide degradation (Vry, Ron,
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Vip, and tgp); and 3) to compare the shift tendencies of each
precursor over the course of gate-oxide degradation. It is shown
that all four precursors reflect the gate-oxide degradation status
with a simultaneous negative and positive shift from their initial
values. The threshold voltage was found to be the most suitable
precursor for observing the negative shift (dip), while R,, and
tgp were found to be the most suitable precursors for observ-
ing the positive shift (rebound). Such an understanding of the
nature of variation of these precursors will enable an effective
and redundant monitoring of gate-oxide degradation process
in power MOSFETSs while being used in real power-electronic
systems.

The organization of the paper is as follows. Section II provides
background information about the effect of gate-oxide degrada-
tion in power MOSFETs. Section III investigates the variation
of all four precursors with respect to the type of trapped charges.
Section IV explains the experimental setup and precursors’ mea-
surement methods in detail. The subsequent sections provide
experimental verification of variation patterns in two commer-
cially available power MOSFETSs (IRF510 and IRF520).

II. EFFECTS OF GATE-OXIDE DEGRADATION

The two well-known vertical structures of power MOS-
FETs, vertical-diffused (VD) structure and trench-gate (or U-
MOSFET) structure, are shown in Fig. 3. These MOSFETSs have
arelatively thick gate oxide layer as a dielectric material between
the gate terminal and semiconductor surface. The metal-oxide—
semiconductor (MOS) sandwich thus formed is shown within
dotted rectangles in Fig. 3.

The degradation of gate oxide under electric field has been a
subject of extensive investigation for nearly two decades. Sev-
eral researches have been devoted to the theoretical and analyt-
ical study of the effects of trapped charges on threshold voltage
and mobility [1], [2], [4]-[7]. Based on these studies, the gate-
oxide degradation generates two primary types of charges: 1)
oxide-trapped charge (Qo) within gate oxide, and 2) interface-
trapped charge (Qj) at the oxide—silicon interface. The present
understanding of the effect of trapped charges on threshold volt-
age can be summarized into three stages, as shown in Fig. 4.

Stage I: This represents the MOS structure before the initia-
tion of gate-oxide degradation. It is assumed that there are no
Qo or Q; within gate oxide prior to degradation.

Stage I1: During the initial phase of degradation, )« begins to
build up within gate oxide. These oxide-trapped charges exhibit
donor like behavior and are positively charged. The presence of
positive Q) increases effective electric field across gate oxide
and contributes to the inversion of the channel. This leads to a
decrease of threshold voltage in power MOSFETs. The thresh-
old voltage may even decrease (dip) to a negative value causing
a “normally OFF” (or enhancement type) MOSFET to become
a “normally ON” (or depletion type) MOSFET.

Stage I1I: After a buildup of a certain threshold of @, inter-
face traps begin to form at oxide—silicon interface. Since there
is a time delay between the creation of (), and the creation of
interface traps, the effects of () is observable at early stages
of degradation. However, after a certain time, the increase of
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Fig. 4.  Stages of gate-oxide degradation. respectively.

interface traps become very dominant. Since the interface traps
can interact electrically with the charge carriers, they begin to
capture electrons and in the process, become negatively charged
in an n-channel MOSFET. Additionally, the build-up of nega-
tively charged @);, compensates the effect of oxide field. Thus,
a higher electric field is required across the oxide for channel
inversion. This leads to an increase (rebound) of threshold volt-
age in power MOSFETSs. Upon prolonged stress, the threshold
voltage rises to back its initial value and beyond, allowing the
power MOSFET to regain its “normally OFF” state.

Based on above discussion, the threshold voltage shift can
be represented as a sum of the shifts due to positive oxide-
trapped charges (during stage II) and negative interface-trapped
charges (during stage III). The positive oxide-trapped charges
have an effect of reducing the threshold voltage while the neg-
ative interface-trapped charges have an effect of increasing the
threshold voltage. It is also important to mention that accumula-
tion of both Q) and Q;; reduce channel carrier mobility. But the
mobility reduction is primarily due to scattering from charges
in interface traps [22]-[24]. The empirical expression modeling
the effect of gate-oxide degradation mechanism on threshold-
voltage shift and channel carrier mobility reduction is given by

(51, [6]

qNot
Cox

qNi
Cox

Vra = Vrno —

ey

III. INVESTIGATION OF VARIATION OF PRECURSORS

The other electrical parameters, i.e., Vip, tgp, and Ron, bear a
strong analytical relationship with threshold voltage. Therefore,
we can expect these precursors to replicate the dip-and-rebound
variation pattern of Vg over the course of gate-oxide degra-
dation. In this section, the analytical expressions of four pre-
cursors are analyzed to show their respective dip-and-rebound
variations.

A. Variation of Threshold Voltage

The partial derivative of Vg in (1) with respect to (w.r.t.) Nj
and N results in

OVru q
= —— 3
a]Vot Cox < 0 ( )
and
OVru q
= — . 4
aNit Cox ” 0 ( )

The partial derivative of Vry w.r.t. Ny in (3) is negative.
Similarly, the partial derivative of Vg w.rt. IVy is positive.
This follows our previous discussion that Vry decreases with
increase of Ny and increases with increase of Ny, indicating a
dip-and-rebound variation pattern.
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B. Variation of Gate Plateau Voltage

Recently, Vgp was proposed as a precursor of gate-oxide
degradation and its analytical relationship with respect to
trapped charges was derived for power MOSFETS in [17]. The
gate plateau voltage of a power MOSFET is given by [25]

IpLcnu
pCox Z

Vap = Vre + (5)

where Ip is the drain current, Lcy is the channel length, Z is the

channel width, and C is the specific gate oxide capacitance.
The partial derivative of Vgp w.r.t. Ny and Nj; results in

8VGP - 8VTH . 1 /IDLCH 6u (6)
aNot B aNot 2”03/2 COXZ aNot
oVgp _ OVru 1

_ _ /ID LCH 8u (7)
aNit aNit 2/103/2 COXZ 8-Z\fit '

Since the manufacturing parameters of commercial power
MOSFETs are not always provided in the datasheet, an appre-
ciable effort was made to determine the sign of (6) in [17].
As mentioned before, the presence of both Q) and @Q);; reduce
the channel carrier mobility. Because the mobility reduction is
primarily due to interface trapped charges [22]-[24], we can as-
sume that the decrease of mobility due to N, in (6) is negligible.
This assumption simplifies the analytical expressions of (6) and
(7) to

and

oVer  OVru
~ 0 8
aNot aJ\/vot < ( )
and
oV oV; 1 IpL 0
Gp _ OVTH : [ipLcu Op 0. (9
ON;j ON;j 2#03/2 CoxZ  ONj

The partial derivative of Vgp w.r.t. Ny in (8) is negative.
Also, since Vry increases w.r.t. Ny and p decreases w.r.t. Ny,
the partial derivative of Vgp w.r.t. Ny in (9) is positive. This
means that Vgp initially decreases due to accumulation of N.
As the formation of IVj; begins to compensate the effect of Ny,
Ve rebounds to its initial value and beyond. The shift tendency
of Vigp due to trapped charges is illustrated in Fig. 5, where Vg po
> Vapo (Fresh MOSFET) > Vg p;. This indicates that Vip dips
initially, and then rebounds like Vry.

C. Variation of the Gate Plateau Time

In this paper, the gate plateau time (fgp) is proposed as a
new online precursor of gate-oxide degradation. This is the time
span where the gate voltage remains constant and equal to Vgp.
During this time span (time span (t3—f») in Fig. 1), the drain
voltage (vp) gradually decreases at a rate given by [25]

_ Ve —Ver (10)
RG CVGD ,av

where R is the gate resistance, Vi is the gate voltage, and

Cgp.ay 18 an assumed average value of gate-drain capacitance

during the transient.

dvp
dt

10767

Vo A ——  Fresh MOSFET
———-  Shift caused by N,
— —  Shift caused by N,

Vps R dvp/ds

-

'
dvp/dr; . % . dl) . %

i | i dt ~ dt ~ dt
Ve N
Py i \
e e
I |
VGs A oo P i
1 ] 1 1 1 1
O R I R e e
b P =T -
1 i 1 ' e | .
Lo e v
Pl A7 e
Vors omrmctomtentopt byl — Y
o T e tar
i | 1 V. ] h I
Vero |------ To---r 2 A '
P ILIIIR
Vepr f----- Loy
itepr Verz> Vero> Veri
- tGp2 > tgpo™ lGpi
>t
Fig. 5.  Shift tendencies of Vgp and tgp.

As seen from expression (10), the rate of change of vp de-
pends on the magnitude of Rg and Vgp. For a given Rg, a
smaller Vgp results in a larger dvp /dt and vice versa. Further-
more, a larger dvp /dt corresponds to a smaller {gp and vice
versa. The presence of @, leads to a smaller Vsp, and thus, a
smaller tgp, while the presence of (); leads to a larger Vip, and
thus, a larger tgp. This is illustrated in Fig. 5 where tgpy >
tapo (Fresh MOSFET) > t¢p;. This indicates that ¢gp dips and
rebounds like Vry and Vip.

The variation of {gp can also be explained using quantitative
method. The time interval (#3—#2) of a power MOSFET is given
by [25]

o RGCGD.H‘V

= T av 11
Vo — Vap b

tap =t3 — 1t [(Vbs — vps)] -

As shown in the turn-on waveform in Fig. 1, at the end of
time ¢3, the drain voltage vp (t3) becomes nearly equal to the
on-state voltage drop of the power MOSFET. Thus, vp (3) can
be considered negligible. Therefore, the expression for ¢{gp in
(11) can be rewritten as

Vbs

_ 12
Vo — Var (12)

tgp =t3 —t2 = RaCgp av

The partial derivative of tgp w.r.t. Nt and Ny results in

Vbs oVarp

) <0
(Ve — Vgp)? ONo

13)
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oVap

>0 (14)
respectively. Since the partial derivative of Vgp w.r.t. Ny is neg-
ative in (8), the partial derivative of tgp w.r.t. Ny in (13) is also
negative. This indicates that ¢gp decreases with increase of Ny.
Similarly, since the partial derivative of Vgp w.r.t. Ny is posi-
tive in (9), the partial derivative of ¢tgp w.r.t. Ny in (14) is also
positive. This indicates that {gp increases with increase of V.
Thus, tgp follows a dip-and-rebound variation pattern like Vg
and VGP-

D. Variation of On-Resistance

The on-resistance of the power MOSFET shown in Fig. 3 is
mainly composed of four resistances: channel resistance Rcy,
accumulation layer resistance R 4, drift resistance 2, and con-
tact resistance R¢ [16], [25]. The presence of trapped charges
due to gate-oxide degradation mainly affects Rcy and R4 [16].
Thus, the variation of Rcy and R4 reflects the variation of
Ron in power MOSFETS due to gate-oxide degradation. These
resistances are given by [25]

Lcn
Rey = 15
T 9ZuCo (Ve — Vin) as)
and
L
Ry 4 (16)

- 2ZMnAC’ox(VYG’ - VTH)

where Z is the length of the cell in the orthogonal direction to
the cross section shown in Fig. 3, Lcy is the channel length, L 4
is the accumulation layer path, p is the inversion-layer mobility,
In 4 s the accumulation-layer mobility, and Co is the specific
gate oxide capacitance.

As mentioned before, the effect of Ny, on mobility is assumed
to be negligible. Thus, the derivative of Rcy w.r.t. Ny and Ny
can be simplified to

OR L oV
CH _ CH . TH <0 (17)
aNot QZMCOX (VG — VTH) aNot
and
6RCH _ LCH MaVTH
aJ\/vit QZ/LQCOX (VG — VTH)2 aNit
o
- - . (18
Ve VTH)aNH‘| >0. (13)

The field dependence of accumulation-layer mobility is very
similar to inversion-layer mobility [24]. Thus, the presence of
trapped charges can be expected to bring a similar reduction in
both iz and pina . Therefore, the derivative of Ry w.r.t. Ny and Ny
can be calculated (with similar assumptions made for Rcy) as

OR, Ly OVru

ONot  2Zp1naCox (Ve — Vier)? ONo

19)
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= P 1 A
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— (Vo — W >0. (20
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As seen from expression (17) and (19), the derivative of both
Rcy and R4 w.rt. Not are negative, which indicates that Ron
decreases with increase of N. Similarly, the derivative of both
Rcy and Ry w.r.t. Ny in (18) and (20) are positive, which indi-
cates that Roy increases with increase of Ny. Thus, Ron follows
a dip-and-rebound variation pattern like Vry, Vigp, and tgp.

IV. EXPERIMENT DETAILS

Experiments were performed on two different commercial
power MOSFETs: IRF510 (100 V, 5.6 A) and IRF520 (100 V,
9.2 A) [26], [27] in order to validate the analysis made in previ-
ous section.

A. Experimental Setup

The experimental circuit schematic and overall setup are
shown in Figs. 6 and 7, respectively. The setup mainly consists
of a high-electric-field (HEF) stress platform [see Fig. 6(a)]
to induce accelerated gate-oxide degradation of MOSFETs, a
switching-test platform [see Fig. 6(b)] to obtain the MOSFETSs’
turn-on waveform, and a B2912A device analyzer to obtain
device characteristics.

A total of five MOSFETSs [DUT 1 through DUT 5 in Fig. 6(a)]
were inserted into the sockets of the HEF-stress platform for ac-
celerated aging. Electrical stressing was performed by applying
positive bias to the gate electrode at ambient temperature (25 °C)
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with the drain and source terminals grounded. The stress volt-
age was chosen (fixed 65 V for both devices) such that it was
sufficient to initiate observable gate-oxide degradation, but low
enough not to cause gate oxide breakdown.

To obtain the turn-on waveforms, each MOSFET was driven
by a gate driver with a gate bias voltage of —5 V/4-15 V [see
Fig. 6(b)]. Since, it is easier to observe switching characteristics
with a larger gate resistance, an external 100 € resistance was
inserted between the gate driver and the gate terminal of the
MOSFET. To minimize self-heating of the MOSFET during the
test, a single 25 us pulse was provided to the gate driver. A dc
voltage of 30 V and a load resistance (121 ) of 30 2 were used
to ensure a drain current of 1 A.

B. Experimental Process

The experimental process mainly comprises the following:
1) the application of HEF stress for accelerated aging of
gate oxide, and 2) the measurement of precursors after the
stress. The stress-and-measurement of precursors were car-
ried out for variable times represented by the time set, ¢ =
{0,2,2,2,2,2,20, 40, 40, 40} for 150 min. It is important to
mention that a brief stress-and-measurement pattern of 2-min
interval during the initial stages of stress was necessary to ob-
serve the “dip” effect of (), on precursors.

Fig. 8(a) shows the experimental process followed to deter-
mine Vg and R,, for the batch of five MOSFETSs. The pulsed
Ip — Vgs transfer characteristics and Ip — Vpg characteristics
graphs were obtained using a B2912A device analyzer. The
threshold voltage was determined from the pulsed Ip — Vs
characteristics using linear extrapolation method [28]-[30], and
the on-resistance was determined from the pulsed Ip — Vps
characteristics (QIp = 1A and Vi = 10V). Then, the batch
of five MOSFETSs was transferred into the sockets of HEF-stress
platform for accelerated aging for a specific duration listed in
the time set earlier. Upon subsequent aging, the precursors were
measured again. This stress-and-measurement process was car-
ried out for a total duration of 150 min.

Fig. 8(b) shows the experimental process followed to obtain
Vep and tgp. The individual MOSFETSs were inserted into the
socket of switching-test platform. The gate plateau voltage and
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gate plateau time were obtained from the turn-on waveform.
Upon subsequent aging, these precursors were measured again.
This stress-and-measurement process was carried out for a total
duration of 150 min.

V. RESULTS AND DISCUSSION

A total of 20 MOSFETsS (ten of each MOSFET type) were
tested to confirm the variation pattern of electrical parameters.
The names of different samples followed the format: KP-510-
xx for IRF510 sample group and KP-520-xx for IRF520 sample
group, where xx denoted each sample’s number. Figs. 9 and 10
show the variation of precursors with HEF stress for all the sam-
ples, where the bottom horizontal axis corresponds to the order
of measurement and the top horizontal axis corresponds to the
specific time at which each measurement was taken. As afore-
mentioned, an initial dip was predominantly due to a buildup
of Qo1, while the rebound in the later stages was predominantly
due to an accumulation of ;.

A. Variations of Threshold Voltage

Figs. 9(a) and 10(a) show the variation of Vg that occurred in
both the IRF510 (KP-510-11 through KP-510-15) and IRF520
(KP-520-51 through KP-520-55) samples when the samples
were subjected to HEF stress. Fresh KP-510-xx and KP-520-
xx samples had average initial positive Vg of nearly +3.2 and
+3.1 V, respectively. During an initial four min of stress, Vry
decreased to negative values (nearly —3.1 V for KP-510-xx sam-
ples and —3.2 V for KP-520-xx samples). After the turnaround
point, Vry returned to and surpassed its initial positive value.
The ‘positive to negative to positive’ transition of Vpy indicated
“normally OFF to normally ON to normally OFF” transitions
in power MOSFETs over the course of gate-oxide degradation.
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Fig. 9. Variations of (a) threshold voltage, (b) on-resistance, (c) gate plateau voltage, and (d) gate plateau time for five samples of IRF510 over time.

B. Variations of On-Resistance

Figs. 9(b) and 10(b) show the variation of Roy that occurred in
both the IRF510 (KP-510-11 through KP-510-15) and IRF520
(KP-520-51 through KP-520-55) samples. It was observed that
Ron decreased very slightly in the initial stage. However, it
rebounded significantly in the later stages of degradation (ex-
ceeding 4 times for IRF510 samples and 6 times for IRF520
samples). Thus, it was observed that Ron followed the dip-and-
rebound variation pattern like Vry.

C. Variations of Gate Plateau Voltage

Figs. 9(c) and 10(c) show the variation of Vp that occurred in
both the IRF510 (KP-510-31 through KP-510-35) and IRF520
(KP-520-71 through KP-520-75) samples. It was observed that
Vip dipped and rebounded in a manner similar to Vg and Ron.
Fig. 11 shows gate voltage (V) waveforms for samples KP-510-
31 and KP-520-74. The solid black arrows point to an initial
Vip decrease, which was followed by a Vgp increase during
later stages. Tabulated Vgp values show that Vgp @ 150 min >
Vgp @0 min (Fresh MOSFET) > Vgp @ 6 min for KP-510-31
sample (or Vgp @4 min for KP-520-74 sample).

D. Variations of Gate Plateau Time

Figs. 9(d) and 10(d) show the variation of ¢gp that occurred in
both the IRF510 (KP-510-31 through KP-510-35) and IRF520
(KP-520-71 through KP-520-75) samples. It was observed that
tgp dipped and rebounded in a manner similar to other precur-
sors: Vra, Ron, and Vgp. Such a variation can also be observed
in the waveform in Fig. 11, in which dotted black lines show
tgp at different stress times. Tabulated tgp values show that
tgp @ 150 min > tgp @0 min (Fresh MOSFET) > tgp @ 6 min
for KP-510-31 sample (or tgp @4 min for KP-520-74 sample).

E. Precursor Comparison

The experiment’s results confirmed that all four precursors
reflected the gate-oxide degradation status with simultaneous
negative and positive shifts from their initial values. The shift
tendency of each precursor was different; the average shifts
from the respective initial values of the precursors in both sam-
ple groups are provided in Table I. The percentage shifts were
computed for a stress period of 150 min. For longer stress peri-
ods, the percentage positive shifts can be expected to increase.
Three observations were noted:
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TABLE I
PERCENTAGE SHIFT OF PRECURSORS

Precursors IRF510 Samples IRF520 Samples

% Negative % Positive % Negative % Positive

Shift Shift Shift Shift
Threshold voltage 200% 65% 200% 100%
On-resistance 7% 440% 5% 610%
Gate plateau voltage 80% 50% 115% 70%
Gate plateau time 40% 130% 40% 160%

1) In both sample groups, Vg had the highest negative shift
at nearly 200% each, while Ron exhibited the least neg-
ative shifts at 7% and 5% for the IRF510 and IRF520
samples, respectively. In addition, for both groups, Vgp
had a higher negative shift than ¢gp.

2) In both sample groups, Ron had the highest positive shift
at nearly 440% and 610% for IRF510 and IRF520 sam-
ples, respectively. Moreover, tgp had the highest posi-
tive shift (nearly 130% for IRF510 samples and 160%
for IRF520 samples) compared to Vry (nearly 65% for
IRF510 samples and 100% for IRF520 samples) and Vgp
(nearly 50% for IRF510 samples and 70% for IRF520
samples). Although it was found that the off-line precur-
sor Ron had a maximum positive shift, the online pre-
cursors (Vry, Vgp, and tgp) have an additional advantage
over Ron (off-line precursor) in that they can be extracted
without affecting a system’s operation.

3) The threshold voltage was the most suitable precursor for
observing the negative shift while R,, and {gp were more
suitable precursors for observing the positive shift.

VI. CONCLUSION

In this paper, the effect of gate-oxide degradation on four
electrical parameters of power MOSFETSs were examined quali-
tatively and quantitatively. It was demonstrated that the electrical
parameters of power MOSFETs vary with a dip-and-rebound
pattern over the course of gate-oxide degradation. The pattern,
which results from the presence of oxide-trapped charges
and interface-trapped charges, was confirmed by inducing
gate-oxide degradation in two different commercial power
MOSFETs. The results of all samples were very consistent
and repeatable. Furthermore, shift tendencies, which occurred
throughout gate-oxide degradation in the online and off-line
precursors, i.e., Vru, Vgp, Ron, and {gp, were compared. The
new online precursor tgp was found to be a competitive precur-
sor of gate-oxide degradation, as it had a higher positive shift
than the other online precursors (Vg and Vgp). Additionally,
Vru was found to be the most sensitive precursor for observing
the negative shift while R, and {gp were found to be the most
sensitive precursors for observing the positive shift.
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