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Impact of back-gate bias on the hysteresis effect in
partially depleted SOI MOSFETSs*

Luo Jie-Xin(®'7%#)»P) Chen Jing(Ff #)»T, Zhou Jian-Hua(F#E#HE)»P), Wu Qing-Qing(1Lii5 7)),

Chai Zhan(%¢ J&)®, Yu Tao(4&x )%, and Wang Xi(F

%))

a) State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology,

Shanghai 200050, China

b)

Graduate University of Chinese Academy of Sciences, Beijing 100049, China

©) The Key Laboratory of Thin Films of Jiangsu, Departments of Physics, Soochow University, Suzhou 215006, China

The hysteresis effect in the output characteristics, originating from the floating body effect, has been measured
in partially depleted (PD) silicon-on-insulator (SOI) MOSFETSs at different back-gate biases. Ip hysteresis has been
developed to clarify the hysteresis characteristics. The fabricated devices show the positive and negative peaks in the

Ip hysteresis. The experimental results show that the I hysteresis is sensitive to the back gate bias in 0.13-pm PD SOI
MOSFETs and does not vary monotonously with the back-gate bias. Based on the steady-state Shockley—Read-Hall

(SRH) recombination theory, we have successfully interpreted the impact of the back-gate bias on the hysteresis effect

in PD SOI MOSFETs.
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1. Introduction

Silicon-on-insulator (SOI) technology has been
used in deep-submicrometer scale owing to its per-
fect isolation.!!) Tt has many attractive features for
the high-speed operation of digital applications, such
as latch-up immunity, reduced parasitic source, drain
capacitances, and ease of making shallow junction.?
The improved frequency performance through reduced
capacitance, higher drive current, and the reduction
of interconnect length is a significant advantage of us-
ing SOI in analog applications.®! However, the lack of
contact with the body and the presence of bipolar give
rise to a number of unique SOI effects. The main con-
cern is the floating body effect (FBE) in the partially
depleted (PD) SOI MOSFETSs caused by impact ion-
ization, which is known as the Kink effect.ll As the
gate oxide shrinks, the linear Kink effect (LKE) due to
the direct tunneling mechanism can appear in the lin-
ear region of SOI MOSFETs.[4% The hysteresis effect
due to the floating body effect in PD SOI MOSFETSs
can make the circuit design problematic. It has been
reported that the dependence of the gate delay on SOI
is a function of the switching history of a device in dig-
ital applications.!®7 The hysteresis effects restrict the
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circuit design for analog applications. (89!

In general, the back-gate bias effect of the
NMOSFET/SOI is much smaller than that of the
NMOSFET/bulk-Si.l'% However, it has been shown
that decreasing the box thickness has the advantage
of decreasing the penetration of electric fields from the
source/drain regions into the body via the box, thus
enhancing the immunity to SCEs.['1:12] Decreasing the
box thickness also has the advantages of improving the
heat dissipation ability of the device.l'®! and achieving
a high BV.['Y However, as the box shrinks, the device
characteristic is sensitive to the back-gate bias in PD
SOI MOSFETs. The aim of this work is to elaborate
the back-gate dependence of the hysteresis effect in
the output characteristics for PD SOI MOSFETs.

2. Experiment

The PD SOI MOSFETSs with partially depleted
substrates were fabricated in a 0.13-um SOI CMOS
by using STT isolation and CoSiy silicide. The top sil-
icon film and the buried oxide thickness for the device
are 100 and 145 nm, respectively. The gate oxide with
a thickness of 1.8 nm and the channel doping concen-
tration is about 1 x 10'® ecm™3. The floating body
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(FB) devices and T-gate body (TB) contact MOS-
FETs were fabricated as references. The devices with
a gate length (L) and width (W) both in the range
of 0.13-10 um were selected. All experimental curves
were measured by using an Agilent B1500A semicon-
ductor parameter analyzer, with the source of PD SOI
MOSFETSs grounded.

3. Theory of hysteresis effect in
PD SOI MOSFETsSs

The Ip hysteresis has been developed to investi-
gate the hysteresis characteristics of the drain current,
which is defined as the difference of Ip for Vp forward
sweep (V) and reverse sweep (V73)15:16]

Ip hysteresis = In(V{) — Ip(V3).

Figure 1 shows the Ip hysteresis at different front
gate voltages (Vpg) in FB PD SOI n-MOSFETSs with
W = 10 pum and L = 0.13 um. A positive peak
at small Vp and a negative peak at large Vp can be
clearly observed. This hysteresis behavior can also be
observed in FB PD SOI p-MOSFETsS.
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Fig. 1. Ip hysteresis versus Vp characteristics of FB PD
SOI n-MOSFETs with W = 10 um and L = 0.13 pm at
different values of Vpg, where the delay time is set as 0 s
and the back gate is floating.

With the gate oxide scaling down, the gate to the
body current (Igp) influences the floating body poten-
tial in PD SOI MOSFETs due to the direct tunneling
mechanism.['"-'8) Figure 2 shows the band diagram of
the direct tunneling model, where ¢y = Eg/q, ¢4 is
the Fermi potential and E, is the Fermi energy. It
is proposed that the gate to the body current (IGB)
consists of three components: electron tunneling from
the conduction band (ECB), electron tunneling from
the valence band (EVB), and hole tunneling from the
valence band (HVB). When [Vox| > ¢5 (Vox is the
voltage on the gate oxide), the electron valence band

(EVB) tunneling releases holes (electrons), which con-
stitute Igp in n-MOSFETs (p-MOSFETs). When
[Vox| < ¢4, GIFBE arises from the anode hole in-
jection (AHI) mechanism.['%2%] During the Vp for-
ward sweep, there is no t sufficient time to release
the holes caused by GIFBE at a drain voltage smaller
than 0.1 V. The accumulation of these holes raises the
body potential and further reduces the threshold volt-
age, resulting in the increase of the drain current at a
drain voltage of 0.2 V. Therefore, the positive peak of
Ip hysteresis can be observed at low Vp in Fig. 1.
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Fig. 2. Schematic band diagram of (a) the EVB tunnel-
ing model and (b) the anode hole injection model of PD
SOI MOSFETSs.

During the Vp reverse sweep, there is not suffi-
cient time to release the holes caused by impact ion-
ization at a drain voltage above 0.7 V. The hole accu-
mulation raises the body potential and further reduces
the threshold voltage, resulting in the increase of the
drain current at a drain voltage of 0.6 V. Therefore,
the negative peak of Ip hysteresis can be observed at
high Vp in Fig. 1. To further verify the mechanism of
hysteresis effect in PD SOI MOSFETSs, we measured
Ip hysteresis versus Vp characteristics under various
delay times. As shown in Fig. 3, it is obvious that
the hysteresis phenomenon disappears at a long delay
time.
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Fig. 3. Ip hysteresis versus Vp characteristics of FB PD
SOI n-MOSFETSs with W = 10 pm and L = 0.13 um at
various delay times, where the back gate is floating and
Veg =10 V.
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4. Theory of hysteresis effect in
PD SOI MOSFETSs at various
back-gate biases

4.1. Experiment results of hysteresis ef-
fect at various back-gate biases

Figure 4 shows Ip hysteresis characteristics of
the FB PD SOI n-MOSFET with W = 10 um and
L = 0.13 pm at the back-gate voltage (Vzg) smaller
than 0 V, and Vg =1.0 V. It can be clearly observed
that the heights of both positive and negative peaks
increase with Vgg. This indicates that the hysteresis
effect declines under negative back-gate bias.

Figure 5 shows the measured Ip hysteresis versus
Vp characteristics at different values of Vpg ranging
from 0 to 30 V. It is found that the Ip hysteresis is
not monotonic with respect to the back-gate voltage
when Vg > 0 V. For a back-gate voltage from 0 to
15 V, the Ip hysteresis decreases with the back-gate
voltage. When Vpg > 15 V, it is observed that the Ip
hysteresis increases with the back gate voltage.
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Fig. 4. Ip hysteresis versus Vp characteristics of FB PD
SOI n-MOSFETSs with W = 10 um and L = 0.13 um at
Vg <0and Vpg = 1.0 V.
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Fig. 5. Ip hysteresis versus Vp characteristics of FB PD
SOI n-MOSFETs with W = 10 um and L = 0.13 pm at
Vg > 0 and Vpg = 1.0 V.

To further describe the impact of back-gate bias
on the hysteresis effect, we have measured the Ip hys-
teresis versus Vgpg of the device under a fixed drain
voltage. Figure 6 shows the Ip hysteresis as a func-
tion of Vgg for the FB PD SOI n-MOSFET with
W =10 pm and L = 0.13 um, where Vp = 0.28 V
and Vpg = 1.0 V. There are two extreme values in
Fig. 6. For a back-gate voltage from —30 V to 0 V,
the Ip hysteresis increases with Vpg, and the maxi-
mum value appears at Vgg = 0 V. When the back-
gate voltage exceeds 0 V, the Ip hysteresis declines
with Vg, and the minimum value is obtained at the
back gate voltage around 15 V. Subsequently, the Ip
hysteresis rapidly increases with Vpg. As shown in
Fig. 7, a similar result is obtained.
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Fig. 6. Ip hysteresis versus Vg characteristics of FB PD
SOI n-MOSFETs with W = 10 pm and L = 0.13 um at
Vp =028 Vand Vpg =1.0 V.
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Fig. 7. Ip hysteresis versus Vg characteristics of FB PD
SOI n-MOSFETs with W = 10 um and L = 0.13 um at
Vp =0.56 Vand Vpg = 1.0 V.

4.2. Mechanism of hysteresis effect in
PD SOI MOSFETs at various back-

gate biases

The determinants of the mechanism of the hys-
teresis effect are the accumulated carriers in the neu-
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tral region. However, the accumulated carriers re-
sult from the equilibrium between the recombination
of back interface states and the current through the
body-to-source junction.

Firstly, we have to clarify the impact of back-gate
bias on the recombination back interface states. The
band diagram of the PD SOI n-MOSFET at differ-
ent Vpg is plotted in Fig. 8. The back channel is
accumulated by negative Vg, which assists the re-
combination of holes.?!) When Vg > 0 V, the back
interface states under the depletion layer cannot assist
the recombination of the injected holes.
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Fig. 8. Band diagram of the PD SOI n-MOSFET at dif-
ferent Vag. (a) Veg >0, (b) Vg < 0.

Secondly, we have elaborated the impact of back-
gate bias on the current through the body-to-source
junction. To investigate the impact of the back-
gate bias on the body-to-source junction, the mea-
sured body-to-source junction current (Igg) versus
Vaa is shown in Fig. 9, where Vg = 0.6 V. The
measurement is repeated several times by scanning
the back gate from accumulation (—30 V) to in-
version (30 V) while keeping the front gate volt-
age at 1.0 V. It can be clearly seen that the body-
to-source current remains constant at the negative
Vaa. It is obvious that there is a positive current
peak in the Igg—Vpg curve, as shown in Fig. 9.
The current peak originates from the residue in-

terface traps of the manufacturing process. When
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Fig. 9. Ips versus Vg characteristics of the TB PD SOI

n-MOSFET with W = 10 um and L = 10 wm, where the

drain is floating, Vpg = 1.0 V and Vg = 0.6 V.
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the forward bias is lower than the built-in voltage,
the diffuse current is negligible compared with the re-
combination current due to the larger recombination
rate.?2) The recombination of the injected excess mi-
nority carriers with the majority carriers at the Buried
Si/Si0, interface is modulated by Vi, 23 and results
in the current peak in the body-to-source junction I-V
curve. The p/n™ junction current peak can be inter-
preted by the steady-state Shockley-Read-Hall (SRH)
recombination.[24:29]

Figure 10 illustrates the cross-sectional view and
the energy band diagram at the Si/SiO2 interface
of a forward-biased body-source p/n™ junction. Ex-
cess minority carriers are injected by the forward-
biased body-source p/n* junction into the MOS-gated
Si/SiOy interface which covers MOSFET’s chan-
nel region (MCR) and body-source junction space-
charge region (JSCR). The total barrier height is
V8 = Vgr — Vpn — Vs, where the built-in poten-
tial of the p/n™ junction Vpp is given by Vpr =
(kT /q) In(Npnt Nap/n?), Vs is the surface energy
band bending, and Vpy is the forward bias voltage
applied to the p/n™ junction. The surface energy
band bending in MCR is uniform at a fixed back
gate voltage. The variation of surface energy band
bending is needed to be taken into account in JSCR.
For the interface trap over MCR between the body-
drain and body-source JSCR, the steady-state recom-
bination rate reaches a maximum at the back gate
voltage denoted as VBg-peak, When cpgNg = cpsPs =
(cnsCps) Y/ ?ni exp(qV py /2kT).126] Here ¢, and cps are
the electron and hole capture rate coefficients at the
interface trap, Ng and Ps are respectively the steady-
state electron and hole concentration at the Si/SiOq
interface, and n; is the equilibrium intrinsic carrier
concentration. Correspondingly, the recombination
current reaches a peak, as shown in Fig. 9.
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Fig. 10. Cross-sectional view of the two—dimensional en-
ergy band diagram of the body-source p/n™T junction on
the Si/SiO2 interfacial plane. Nyt is the localized inter-
face trap distribution, and = = 0.
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Fig. 11. Measured transfer characteristics for the back
channel of the FB PD SOI n-MOSFET with W = 10 um
and L =0.13 pm at Vpg =1.0 Vand Vp =1.0 V.

The recombination current of the body-to-source
junction is constant when Vyg < 0 V. However, the
back channel is accumulated, which assists the recom-
bination of holes. Therefore, the Ip hysteresis in-
creases with the back-gate voltage when Vg < 0 V.
When Vgg > 0 V, the back interface states cannot
assist the recombination of the injected holes. A cur-
rent peak appears in the recombination current of the
body-to-source junction. As a result, there is a peak of
the Ip hysteresis when 0 V < Vg < 30 V. Moreover,
the back channel will be in strong inversion, which de-
teriorates the hysteresis effect. The measured trans-
fer characteristics of the back channel of the FB PD
SOI n-MOSFET are shown in Fig. 11. The thresh-
old voltage of the back channel at the drain current of
0.1 pA-W/L is measured to be 15 V. Therefore, the
Ip hysteresis increases rapidly as the back gate voltage
exceeds 15 V.

5. Conclusion

In this paper, we have demonstrated the hystere-
sis characteristics and its back gate dependence in PD
SOI MOSFETs. Both positive and negative peaks
are observed in the defined Ip hysteresis of FB PD
SOI MOSFETs. The back channel is accumulated at
Ve <0 V, which assists the recombination current
of holes, leading to the increase of the Ip hysteresis
with the back gate voltage. Since the recombination
of injected excess minority carriers with the majority
carriers at the buried Si/SiO. interface is modulated
by VBq, there is a positive peak in the recombination

current of the body-to-source p/n* junction. Thus

the Ip hysteresis is not monotonic with respect to

VBa. Moreover, because the back channel is in strong

inversion, the Ip hysteresis increases rapidly as the

back gate voltage exceeds 15 V.
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