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Abstract— Anomalous transconductance with nonmono-
tonic back-gate bias dependence observed in the fully
depleted silicon-on-insulator (FDSOI) MOSFET with thick
front-gate oxide is discussed. It is found that the anom-
alous transconductance is attributed to the domination of
the back-channel charge in the total channel charge. This
behavior is modeled with a novel two-mobility model, which
separates the mobility of the front and back channels. These
two mobilities are physically related by a charge-based
weighting function. The proposed model is incorporated
into BSIM-IMG and is in good agreement with the experi-
mental and simulated data of FDSOI MOSFETSs for various
front-gate oxides, body thicknesses, and gate lengths.

Index Terms—BSIM-IMG, fully depleted silicon-on-
insulator (FDSOI), gate oxide, image sensor, mobility,
transconductance.

|. INTRODUCTION

ULLY depleted silicon-on-insulator (FDSOI) MOSFETs

are the promising devices for low static power applica-
tions with a good short-channel behavior using the lightly
doped body which benefits the carrier mobility and reduces
the threshold voltage variation [1], [2]. The threshold voltage
of FDSOI MOSFET can be adjusted by the back-gate volt-
age (Vpg) without relying on channel doping concentration
control for multiple devices [3], [4]. Furthermore, due to high
back-gate bias, an inversion channel may form at the back-side
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interface, leading to the distinct characteristics in current and
the complicated physics of mobility in FDSOI devices [5].
For example, it is reported that the mobility of front and
back channels is different because of remote Coulombic scat-
tering due to charged centers in the polysilicon gate [6].
In addition, the front- and back-interface qualities are different
due to the gate-stack. The back-gate bias also affects the
carrier’s spatial distribution and charge centroid, resulting in
a significant deviation from universal mobility curve (UMC).
In fact, the definition of effective electric field for UMC is
ambiguous for FDSOI devices under the condition of back-
side inversion [7], [8]. Due to the complex effects of the
back-gate bias on charge and mobility, the transconductance
(gm = dIps/dVgs) of FDSOI MOSFET exhibits significantly
different behaviors [9] from bulk MOSFET [10] or FinFET.
In this paper, the anomalous transconductance of an FDSOI
MOSFET with thick front-gate oxide is explained and mod-
eled. Although FDSOI MOSFET is usually used in low-power
circuits [11], in order to fulfill the high-voltage requirement
a thick front-gate oxide is adopted [12]. A thick front-gate
oxide is also used in image sensor applications with FDSOI
MOSFETs [13], [14], where the noise density is reduced
by the thick front-gate oxide [15]. In CMOS image sensor
architecture design, an accurate transconductance model is
required to describe the analog gain in analog signal processor
and then output to the analog-to-digital converter [16]. Thus,
there is a need to develop a model for FDSOI MOSFETs with
thick front-gate oxides. The new mobility model is divided into
the front and back components. The final effective mobility
uses charges as the weighting factor. The model is validated
with the experimental data of FDSOI devices with different
front-gate oxides, body thicknesses, and gate lengths.

Il. UNDERSTANDING TRANSCONDUCTANCE
AND COMPACT MODELING
A. Transconductance Behavior

One of the advantages of the FDSOI MOSFET is the
changeable threshold voltage via applying the back-gate bias.
If the back-side inversion is absent (only depletion at the
back interface), the threshold and thus the transconductance
are only shifted by the back-gate bias via capacitive coupling,
indicating that only the front mobility is important, as shown
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Fig. 1. (a) Typical and (b) anomalous transconductances of the FDSOI

nMOSFETSs. Due to the back-side inversion, both the front- and back-
side mobilities affect the transconductance behavior. (c) TCAD simulated
electron density with various Vgg.

in Fig. 1(a). In contrast, if there is an inversion at the back
interface, the contribution of the back channel is not negligible
and the back-side mobility should be considered, as shown
in Fig. 1(b). In this case, the transconductance behavior with
various Vpg is not just threshold shift. The peak and the slope
of transconductance may change due to the combination of the
front and back mobilities, depending on the interfacial qualities
of the front and back sides. This “anomalous” transconduc-
tance behavior can be observed when: 1) applying high Vg
[positive (negative) for n(p)MOSFET] to invert the back-side
channel and 2) the front- (back)- gate oxide is thick (thin).
Sentaurus technology computer-aided design (TCAD), which
includes the density gradient quantization model and thin-layer
mobility model with Philips unified mobility model [17], [18],
is performed for the charge distribution. As shown in Fig. 1(c),
a high Vg leads to the back-side inversion, so the total current
is affected by the front and back mobilities. Furthermore,
the potential in the channel is determined by the front-
and back-gate capacitances. A thick front-gate oxide would
lead to less charges in the front channel and thus higher
impact of the back-side charges and mobility. Therefore, both
considering the front and back mobilities are crucial for the
FDSOI MOSFET with wide range of biases and various device
structures.

The linear region currents of FDSOI pMOSFETs with thick-
and thin-front-gate oxide devices fabricated by a commercial
foundry are measured, as shown in Fig. 2. Note that the device
dimensions and bias conditions are similar to that in [13].
These two devices show distinct transconductance behaviors
as shown in Figs. 3 and 4. The peak of transconductance of
the thick front-gate oxide device (Fig. 3) nonmonotonically
shifts (to the right at low |Vgs| and then to the left at
high |Vgs|) with increasing back-gate bias voltage (denote as
“anomalous” transconductance), while that of the thin front-
gate oxide device (Fig. 4) exhibits a monotonic characteristic
with the back-gate bias voltage (to the left). It is observed
that the single mobility model (dashed lines in Fig. 3) cannot
capture the nonmonotonic shift of the transconductance peak.
The transconductance peak is directly related to the turn-on
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Fig. 2. Ipg—Vgs curves of FDSOI pMOSFETSs with (a) thick and (b) thin
front-gate oxides at linear drain bias region. The same BOX and body
thicknesses are used in both devices. The back-gate bias is applied from
negative to positive.
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Fig. 3. (a) Transconductance and (b) extracted weighting function of an
FDSOI pMOSFET with thick front-gate oxide at linear drain bias region.
The back-gate bias is applied from negative to positive.
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Fig. 4. (a) Transconductance and (b) extracted weighting function of an

FDSOI pMOSFET with thin front-gate oxide at linear drain bias region.
The back-gate bias is applied from negative to positive.

phenomenon of the multiple channels as well as the
mobility [10] and a new model is required to capture this
nonmonotonic effect.
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B. Compact Modeling

Due to the back-gate bias, the charge centroid moves,
resulting in back bias-dependent degradation and ambiguous
effective electric field [8]. Furthermore, the back-side inversion
or back-channel also affects the current and its derivative.
That is, the device with thicker front-gate oxide sees more
influence of the back gate in its behavior due to the weaker
front-gate control. For this device, the front- and back-side
channels co-exist and show different effective mobilities due
to distinct qualities of front and back interfaces [9]. Moreover,
the inversion charges of the front and back sides experience
different electric fields because of the various applied biases
scenario. According to above reasons, the mobility model
based only on the front surface electrostatics may not be
sufficient and a two-mobility model is required. For planar
MOSFETs and FinFETs, the mobility model, which includes
the surface roughness scattering and Coulombic scattering, has
been widely used and is accurate [19], [20]. Thus, the mobil-
ity formulas for front- and back-side channels of FDSOI
MOSFETs are similar but the parameters are separated. In (1),
as shown at the top of this page, ui@2) is the low-field
carrier mobility, UA1(2), UC1(2), EU1(2), EUB1(2), UDI1(2),
UDBI1(2), and UCS1(2) are the model parameters extracted
from the experimental data, gj, is the average charge in the
channel in unit of volt, and Efr(2) is the effective electric
field [21]

Odep + 1Qinv1(2)

Eetr10) = oS
1

where Qgep and Qjnyi(2) are the depletion and inversion
charges, esi is the permittivity of silicon, and # is 1/2 for
nMOSFET and 1/3 for pMOSFET. The parameters for the
front- and back-side channels are denoted by “1” and “2,”
respectively. The second term in the denominator of (1)
represents the surface roughness scattering, and the third term
stands for the Coulombic scattering [21]-[23].

The total effective mobility is calculated considering
the front- and back-side mobilities in a weighted manner
as [24]-[26]

Utotal = W - leffl + (1 — w) - pete. ()

The weights w in (2) is a dimensionless function of the
ratio of charges. The more the amount of charge at an
interface, the larger contribution in the effective mobility
that interface makes, as shown in Fig. 3(b). The weighting
functions in [24] are only valid for the strong inversion, and
they are improved in this paper to capture both subthreshold
and inversion regions. The amount of inversion charges is an
exponential function of surface potential [27] derived from
Poisson’s equation assuming Boltzmann statistics (approxi-
mation of Fermi—Dirac statistics). In the subthreshold region,
the surface potential varies linearly with the gate bias, so the

inversion charge is an exponential function of the gate voltage.
In the strong inversion, since the surface potential has weak
dependence on the gate bias, the inversion charge shows linear
dependence on the gate voltage [28]. Hence, the weighting
functions for the front and back sides are

e br=Ven)/ Vs ePr/Ve

W= e@r=Ven)/Vi o o(bp—Ven)/ Vs = bV + e/ Vi 3)
e(ﬁbbfvch)/vt e¢l7/vt

l—w= = “4)

e(‘z’_f*vch)/vt + e(ﬁbbfvch)/vt e¢f/vl + e¢b/vl

where ¢ and ¢, are the surface potentials of the front
and back channels, V., is the quasi-Fermi potential, and
Vi (= kpTl/q) is the thermal voltage. A thin front (back)
gate oxide increases the surface potential of the front (back)
channel, leading to higher weighting factors. If the front-gate
oxide is thick enough (about one fifth of the back oxide),
the back channel would be apparent in the g, due to large
weighting factor of the back-side as shown in Fig. 3(b).
Finally, the total effective mobility is used into the drain
current model [4], [27], [29].

C. Parameter Extraction Methodology

To evaluate the proposed model, the model parameters
in (1) should be properly extracted. The general guideline
of parameters extraction is shown in [22]. After extracting
the model parameters for charges, threshold voltage, and
subthreshold slope from the device Ips—Vgs plot, the mobility
model parameters at strong inversion bias regime are then
extracted as follows. First, the mobility parameters such as
EU, UA, UD, and UCS for the front side are extracted for
Ve = 0. At Vgg = O, these parameters do not depend
on the back-gate bias. Then, only the back-gate bias-related
parameters such as UC, EUB, and UDB for the front side at the
back-side accumulation bias condition [negative (positive) Vg
for n(p)MOSFET] are extracted. Finally, all the parameters
related to the back-side mobility are tuned at the back-side
inversion bias condition [large positive (negative) Vg for
n(p)MOSFET].

[1l. RESULTS AND DISCUSSION

The two-mobility model has been incorporated into
BSIM-IMG models. Fig. 5 shows the comparison of the
model and the TCAD simulation data from [30] of the front-
gate capacitances with the buried oxide (BOX) thicknesses
of 10 and 20 nm. The core model described in [27] accurately
captures the back-side inversion effect, which causes the first
plateau of the gate capacitance at Vgg = 3 V. Based on
the accurate charge and surface potential calculations from
the core model, weighting functions (3) and (4) are robust.
Fig. 2 shows that the proposed model matches well the
experimental data of both thick and thin front-gate oxides
FDSOI pMOSFETs. Fig. 3 shows the transconductance and
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Fig. 5. The TCAD simulated front-gate capacitances [30] with the BOX
thicknesses of (a) 10 and (b) 20 nm. The core model described in [27]
for the charges and surface potentials accurately captures the back-side
inversion effect.

extracted weighting function from experimental data for an
FDSOI pMOSFET with thick front-gate oxide. At high |Vpg]|
and low |Vgs| (subthreshold region), i.e., the bias condition
in which the back-side inversion occurs, the channel charge
(hole) is dominated by the back-side channel charges and the
weighting function of the back side is larger than that of the
front side, as shown by circles A and B in Fig. 3(b). As the
front-gate voltage increases, the weighting factor for the front
side increases and the two factors cross, as shown by circle C
in Fig. 3(b). Ultimately, the front weighting factor becomes
much larger than the back one, indicating the domination
of the front charge and mobility, as shown by circle D in
Fig. 3(b). The crossing point happens near the onset of the
surface roughness scattering. In other words, the front-channel
charge concentration is high enough and the front-gate voltage
attracts the inversion holes to the body/oxide interface, leading
to scattering. For a thin front-gate oxide devices shown in
Fig. 4, a different behavior of weighting function is found. The
transconductance shows monotonic behavior with the back-
gate bias, just like threshold voltage shift. This is due to
the larger front-gate capacitance and charge in thin front-gate
oxide device. Even at high |Vpg|, the front-channel charge
dominates the effective mobility for this device, as shown
by circle E in Fig. 4(b). It is worth noting that the different
device behavior due to the front-gate oxide thickness change
is captured physically in our model.

Fig. 6 shows the extracted effective mobility of the front and
back channels as functions of the back-gate bias. The back-
channel mobility always exceeds the front-channel mobility [9]
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Fig. 6. Extracted effective mobility of the front and back channels
from Fig. 2. The back-side inversion occurs when the back-gate bias
is negative in FDSOI pMOSFET.

except at high |Vpg|. In addition, the dependence of the front-
channel mobility on Vpg is opposite to that of the back-
channel mobility, i.e., opposite sign of slope of mobility—
Veg plot. This is because more |Vpg| attracts the front-
channel holes toward the body but moves the back-channel
holes closer to body/BOX interface, resulting in reduction
of scattering for the front side but mobility degradation for
the back-side. This effect is captured by model parameters
UC and EUB. Furthermore, the front and back mobilities
in Fig. 6 show different magnitude of slopes, indicating
that the interfacial quality of the front and back surfaces is
different for the surface roughness scattering [9]. In Fig. 7,
the scalability of the BSIM-IMG model is demonstrated with
another longer channel FDSOI pMOSFET with thick front-
gate oxide using similar mobility parameters as the shorter
channel device in Fig. 3. The nonmonotonic Vgg-dependence
on the transconductance at the linear drain bias is observed
[see Fig. 7(a) and (b)], indicating that the impact of the
longitudinal electric field is less crucial to the mobility than
the transverse one. The mobility is mainly influenced by the
electric field from the front-gate and the back-gate. Moreover,
the transconductance at the saturation drain bias is also accu-
rately captured by the proposed model [see Fig. 7(c) and (d)],
showing the model capability for the pinch off and the channel
length modulation effects.

To examine the model for a different doping polarity, a long-
channel FDSOI nMOSFET with the thick front-gate oxide is
well fit with the developed model as shown in Fig. 8. Due
to the smaller effective mass of electron, the charge centroid
is closer to the back surface and thus the surface roughness
scattering becomes more significant than that of hole [31].
Hence, the peak of transconductance of FDSOI nMOSFET
with the thick front-gate oxide at the back-side inversion
bias is not as apparent as FDSOI pMOSFET, as shown in
Fig. 8(b). Fig. 9 shows measured data from the Labora-
toire d’électronique et de technologie de 1’information)(LETT)
device [21] and model results of an FDSOI nMOSFET. Dif-
ferent technologies from the other previously shown devices
are adopted in Fig. 9, indicating that the proposed model is
not only physical but also flexible for the technology varia-
tion. To further validate the developed model for the device
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transconductance at (b) linear and (d) saturation drain biases of a long-
channel FDSOI pMOSFET with the same body and BOX thicknesses as
the device shown in Fig. 3.
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Fig. 8. (a) Ipgs—Vgs and (b) transconductance of a long-channel FDSOI
nMOSFET with thick front-gate oxide and similar device structure as the
pMOSFET shown in Fig. 7.

scaling, a short-channel (L = 20 nm) FDSOI nMOSFET with
Tsopy = 4 nm is simulated using Sentaurus TCAD with the
density gradient quantization model and thin-layer mobility
model with the Philips unified mobility model [17], [18],
as shown in Fig. 10. The proposed model is in good agreement
with the simulated data, showing great model capability of
device scaling with even thinner body where the charge ratio
of front and back sides are correctly captured by the core
model.
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Fig. 9. (a) Ipg—Vgs and (b) transconductance of an FDSOI nMOSFET
with L = 10 um, W = 50 um, Tox = 1.2 nm, Tgox = 25 nm, and
Tsopy = 8 nm. Measurement data are from the LETI device [21].
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Fig. 10. TCAD simulated (a) Ipg—Vgg and (b) transconductance of
an FDSOI nMOSFET with L = 20 nm, W = 1 um, Tox = 1.25 nm,
Tsox = 20 nm, and Tgopy = 4 nm at various Vgg.

IV. CONCLUSION

An anomalous transconductance in an FDSOI MOSFET
with thick front-gate oxide is analyzed and modeled. By com-
paring devices with thin and thick front-gate oxides, it is
found that the mobility in the back channel plays an impor-
tant role in the nonmonotonic Vpg dependence. The total
effective mobility is separated into two parts: front and back
channels, weighted by charge-based factors. The proposed
model is implemented into BSIM-IMG and is validated against
the experimental and TCAD simulated data for multiple
FDSOI devices, which would benefit circuit applications such
as image sensors and high-voltage devices.
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