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Degradation of the transconductance of

a gate-modulated generation current

in nMOSFET∗
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The degradation of transconductance (G) of a gate-modulated generation current IGD in a LDD nMOSFET is

investigated. The G curve shifts rightward under the single electron-injection-stress (EIS). The trapped electrons located

in the gate oxide over the LDD region (QL) makes the effective drain voltage diminish. Accordingly, the G peak in

depletion (GMD) and that in weak inversion (GMW) decrease. It is found that ∆GMD and ∆GMW each have a linear

relationship with the n-th power of stress time (tn) in a dual-log coordinate: ∆GMD ∝ tn, ∆GMD ∝ tn (n = 0.25).

During the alternate stress, the injected holes neutralize QL induced by the previous EIS. This neutralization makes the

effective VD restore to the initial value and then the IGD peak recovers completely. Yet the threshold voltage recovery

is incomplete due to the trapped electron located over the channel (QC). As a result, GMW only recovers to circa 50%

of the initial value after the hole-injection-stress (HIS). Instead, GMD almost recovers. The relevant mechanisms are

given in detail.
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1. Introduction

The gate-modulated generation current IGD in

a metal–oxide semiconductor field-effect transistor

(MOSFET) is a drain current generated in interface

traps under the weakly reverse drain bias.[1,2] In the

IGD measurement a classical current hump is often

present. This current hump is formed by an increase

and subsequent decrease as the gate is swept from ac-

cumulation to depletion and then to inversion.[3] The

changes in the hump shape and peak can indicate in-

formation about the interface traps and oxide-trapped

charges.[4−6] Therefore, So IGD is widely utilized to

characterize the hot-carrier or radiation-induced dam-

age in the device. Lee et al.[7] used this modulated

current to study the positive-bias-temperature-effect

(PBTI) on nMOSFET with a 1-nm-thick gate oxide.[7]

In Refs. [8] and [9], the radiation-induced influence of

the device is also observed through this method. Ad-

ditionally, Goiffon et al.[10] used this current hump to

study the total dose effect of the device and then on

the image sensors.

These studies mentioned above focus mainly on

the IGD peak degradation post damage. Although

the IGD peak is characterized well, the whole physi-

cal picture of IGD’s degradation is still not clear. The

reason for this is that the IGD curve has the other

two important parts, the rising edge and the falling

edge, except for the IGD peak. The rising edge and

falling edge change after the damage. These changes

can be reflected by the values of the gate controlling

IGD in different VG regions. Thus it is necessary to

introduce IGD transconductance (G) to study its vari-

ation. However, so far little attention has been paid

to G in this field.

In the present paper, we study the degradation

of transconductance of IGD in LDD nMOSFET. G is

extracted under single electron-injection-stress (EIS)

and alternate stress. Through analyzing the relation-

ship of the G’s variation and the trapped charges, the

G degradation is deeply discussed and the relevant

mechanisms are given.

2. IGD and transconductance

physics

The gate-modulated generation current IGD is in

direct proportion to the generation rate R of interface
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traps according to the Shockley–Read–Hall generation

theory.[11] It can be described as

IGD ∝ R. (1)

Assuming that this generation trap is located in

the midgap of Si and equally captures electrons and

holes, the expression of R is[12]

R =
Nitσvth(nsps − n2

i )

ns + ps + 2ni
, (2)

where ni is the intrinsic density of the electron and

hole; ns and ps are the electron and hole density at

the surface, respectively; Nit is the density of the in-

terface traps; σ is the capture cross section; vth is the

thermal velocity. R reaches its maximum if ns = ps
in Eq. (2). When applied, VD is a small voltage and

the channel is in a non-equilibrium state as seen from

Fig. 1(a). Then, ns and ps are expressed as

ns = ni exp((EFN − Ei)/kT )

= ni exp(q(φs − φ0 − VD)/kT ), (3)

ps = ni exp(Ei − EFP) = ni exp(q(φ0 − φS)/kT ), (4)

where φs is the surface potential; φ0 is the difference

between Ei and EFP; EFP and EFN are the quasi-

Fermi levels for the hole and electron, respectively.
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Fig. 1. (a) The diagram of band bending when vG varies;

(b) IGD at VD = 0.2 V and its transconductance G. GMD

and GMW are the maximal values of G in the depletion

region (the rising edge of IGD curve) and in weak inver-

sion (the falling edge of IGD curve), respectively. G0 is

the value of G at IGD peak and G0 = 0.

So, R is

R =
Nitσvthni(1− exp(−qVD/kT ))

exp(q(φS − φ0 − VD)/kT ) + exp(q(φ0 − φS)/kT ) + 2
. (5)

Deduced from Eq. (5), R approaches the peak

when φS is equal to φ0 + VD/2, because IGD depends

on R and R varies with φS. Scanning the gate bias

VG can vary the silicon surface potential φS from ac-

cumulation to depletion and so IGD changes with VG.

Figure 1(b) shows the IGD–VG curve and a hump ap-

pearing on the curve. In this hump, A is the flatland

point, B is the peak point (nS = pS or surface intrin-

sic state) and C is the threshold voltage (Vth) point.

Based on the above discussion, A, B, and C corre-

spond to φS = 0, φS = φ0+VD/2, and φS = VD+2φ0

in Fig. 1(a), respectively. Obviously, the A–B region

is the depletion region and the B–C region is the weak

inversion region.

The transconductance of IGD is defined as G and

expressed as

G = ∂IGD/∂VG. (6)

Based on the above discussion, there should be

∂IGD/∂VG ∝ ∂IGD/∂φS ∝ ∂R/∂φS. (7)

From Eq. (5), ∂R/∂φS can be deduced. Then,

G ∝ ∂R/∂φS = a(VD) ∗ b(φS), (8)

where

a(VD) = Nitσvthni [1− exp(−qVD/kT )], (9)

b(φS) =
q[exp(q(φS − φ0 − VD)/kT )− exp(q(φ0 − φS)/kT )]/kT

[exp(q(φS − φ0 − VD)/kT ) + exp(q(φ0 − φS)/kT ) + 2]2
. (10)
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G reflects the ability of the gate controlling IGD.

G at B point is denoted as G0, and is equal to 0 be-

cause it is the peak of the curve. IGD is almost 0 in

accumulation and strong inversion and the values of

G at A and C points are also equal to 0. So there is a

hump located in the A–B region and another hump in

the B–C region as shown in Fig. 1(b). The G hump

peak in the A–B region is the maximum depletion G

(GMD) and that in the B–C region is the maximum

weak inversion G (GMW). GMD and GMW can indi-

cate the maximum ability of the gate controlling IGD

in the depletion region and the weak inversion region.

It is well known that the hot carriers should be

injected into the gate oxide under stress.[13,14] These

charges can affect φS and VD. Then, according to

Eq. (8), GMD and GMW can change as well. The

degradations of GMD and GMW can show the influ-

ence of a trapped charge on IGD.

3. Results and discussion

The two devices used in this study are an LDD

nMOSFET with an n+ poly-Si gate fabricated by 90-

nm CMOS technology. The gate oxide thickness is

4 nm using the decoupled-plasma-nitridation process.

The gate length is 0.28 µm and the gate width is 6 µm.

For the IGD measurement, the gate is swept from ac-

cumulation to strong inversion (−0.5 V < VG < 1.2 V)

at VD = 0.2 V by floating the source and grounding

the substrate, the current then collected by the drain

is IGD. G is extracted from IGD pre and post the

stress. All electrical tests and stresses are performed

using a Keithley 4200 precision semiconductor param-

eter analyzer.

3.1. Single stress

Figure 2 shows the IGD curves pre and post the

electron-injection-stress (EIS). The EIS condition is

VG = VD = 3.0 V and the stress period lasts 500 s.

The IGD curve shifts rightwards and downwards. Ac-

cording to Eq. (6), G is extracted from Fig. 2(a) and

shown in Fig. 2(b).

During EIS, there are few or no interface traps

generated since IGD in the accumulation region

(−0.5 V < VG < −0.2 V) does not increase after EIS.

If the EIS creates new additional interface traps, the

IGD in the accumulation region should increase due to

the trap assistant band-to-band tunneling. Then, the

EIS mainly induces the electron trapping. The elec-

trons are injected into the gate oxide around the gate-

drain overlap region. The locations of these trapped

electrons cover the gate oxide region both over the

channel and the LDD region around the PN junction.

The negative charges trapped on the side of channel

and LDD region are denoted with QC and QL, re-

spectively. Accordingly, QC and QL can reduce φS

and make the IGD curve shift rightwards. Then, the

G curve in Fig. 2(b) also shifts rightward. Since QL

is located over the LDD region and is negative, it can

reduce the effective VD. Therefore, a (VD) and b (φS)

in Eq. (8) decrease and the G peak decreases. This

result is shown by the fact that GDM and GWM de-

crease as the stress time increases in Fig. 2(b). The

mechanism of the G peak change above is based on

the rationality of the existence of QL. If QL exists,

the maximum of R should be diminished according to

Eq. (5) and make the IGD peak decrease. In Fig. 2(a),

the peak of the IGD curve decreases after EIS. This

result proves the rationality of existence of QL.
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Fig. 2. (a) Curves of IGD before and after a single EIS;

(b) curves of G pre and post single EIS. EIS condition:

VG = VD = 3 V.
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Further, Figure 3 shows ∆GMD and ∆GMW ex-

tracted from Fig. 2(b). It can be seen that both

∆GMD and ∆GMW each have a linear relationship

with the n-th power of stress time (tn) in dual-log

coordinates. Namely, ∆GMD ∝ tn and ∆GMD ∝ tn.

n denotes the slope of the curve, and n = 0.25 in

Fig. 3. These expressions are very similar to the tra-

ditional hot carrier induced degradation expression:

∆ ∝ tn.[15] It indicates that the G peak can also eval-

uate the degradation of the device.
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Fig. 3. Relationship between G shift and stress time in

dual-log coordinates.

3.2.Alternate stress

Figure 4 shows the G curves of pre and post al-

ternate stresses. The alternate stress is composed

of the first EIS period stress and the following hot–

hole–injection stress (HIS) period stress. The EIS

condition is also VD = VG = 3.0 V. HIS adopts

the gated-induced drain leakage (GIDL) stress:[16−18]

VG = −1.5 V and VD = 3.0 V. The total time of

the alternate stress is 500 s and each single stress pe-

riod lasts 250 s. It is exhibited that the G curve shifts

rightwards and downwards as the stress time increases

from 0 s to 250 s in the EIS period in Fig. 4(a). Dur-

ing the sequent HIS, the G curve starts to restore from

the end of the EIS state to the initial state (0 s) as

can be seen in Fig. 4(b).

Figure 5 shows the relationship of GMD and GMW

with the stress time extracted from Fig. 4. After the

EIS period, GMD and GMW decrease with stress time

increasing and degrade 25% compared with the ini-

tial values. The sequent 50-s HIS makes the degraded

GMD and GMW increase and these increases almost

step into saturation as the HIS continues. The gate

voltage region of the weak inversion region of the IGD

curve is from the gate voltage at B point (IGD peak)

to C point (Vth). Due to the fact that G0 which is G at

B point is equal to zero, it can be seen that G0 shifts

towards the positive gate voltage as the EIS continues

from Fig. 4(a). GIDL HIS takes place in the LDD re-

gion and injects holes into the gate oxide above. As

aforementioned, QC and QL are created during the

EIS. So these holes created during HIS should neu-

tralize QL. It is known that QL dominates the IGD

peak from the discussion in the above section. So G0

returns to the initial position after HIS as shown in

Fig. 4(b). This indicates that the gate voltage at the

IGD peak keeps constant before and after the alter-

nating stress.
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Fig. 4. Degradations and recoveries of the transconduc-

tance G of IGD extracted from Fig. 3. (a) The 1st period:

250-s EIS from 0 s to 250 s; (b) the 2nd period: 250-s

GIDL HIS from 250 s to 500 s.

Further, both QC and QL can affect Vth (C point)

and make Vth increase. However, QC located over the

channel cannot be neutralized during the GIDL HIS

and this makes the C point shift from its initial posi-

tion C0 to the post-stress position Cpost. Compared

with C0 corresponding to φS = VD + 2φ0, Cpost cor-

responds to φS = VD + 2φ0 + |QC|/COX. As a result,
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Vth after HIS is still larger than the initial value. So

the weak inversion region of the IGD curve increases

compared with the initial curve in Fig. 5(b). In addi-

tion, the IGD peak (B point) after the stress is almost

the same as the initial value so that GMW decreases

and cannot be restored to the initial value. Because

the holes in HIS neutralize QL and the effective VD

restores to the initial value, the voltage applied to

the drain PN junction after HIS becomes the same

as that before the stress. Consequently, the depletion

around the drain PN junction after HIS also becomes

the same as that before the alternate stress and the

IGD curve in the depletion region almost restores to

the initial state as shown in Fig. 5(b). Consequently,

the GMD degradation almost recovers its initial value

after the alternating stress. Based on the above mech-

anisms, Figure 5(a) shows a difference in recovery of

the degradation induced by the previous EIS between

GMD and GMW during the alternating stress. In the

case of GMD, HIS makesalmost recovers the degrada-

tion. However, HIS recovers only circa 50% of GMW’s

degradation.
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Fig. 5. (a) Variations of GMD and GMW versus the alter-

nate stress time; (b) comparison of the IGD curve before

and after the alternate stress.

4. Conclusion

The degradation of the transconductance (G) of

a gate-modulated generation current IGD in a LDD

nMOSFET is investigated under single and alternate

stresses in this paper. During EIS, the electrons are

injected into the gate oxide around the gate–drain

overlap region and form QC and QL. Since QL re-

duces the effective VD, GMD and GMW decrease with

increasing EIS time. It is found that ∆GMD and

∆GMW each have a linear relationship with the n-

th power of stress time (tn) in dual-log coordinates:

∆GMD ∝ tn, ∆GMD ∝ tn (n = 0.25). These ex-

pressions of degradation of GMD and GMW are very

similar to the traditional hot carrier induced degra-

dation expression (∆ ∝ tn) and they have potential

applications in the evaluation of device damage. Dur-

ing the alternate stress, hot holes are injected during

the HIS which neutralizes QL induced by the previ-

ous EIS. This neutralization makes the effective VD

increase and almost restores it to the initial value so

that the GMD degradation almost recovers to the ini-

tial value. However, the threshold voltage recovery is

incomplete sinceQC is not neutralized during HIS. Ac-

cordingly, GMW decreases and cannot be restored to

the initial value (circa 50%) after the alternate stress.

These results in this paper should be help-

ful for understanding the degradation of a gate-

modulated generation current using the transcondu-

catance method.
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