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Abstract—This paper investigates the impact of backgate bias
(Vbg) on the sensitivity of threshold voltage (Vi) to process
and temperature variations for ultra-thin-body (UTB) GeOI and
InGaAs-OI MOSFETSs. Our study indicates that the quantum-
confinement effect significantly suppresses the Vi, dependence of
the V., sensitivity to process and temperature variations. Since
Si, Ge, and InGaAs channels exhibit different degrees of quantum
confinement, the impact of quantum confinement has to be con-
sidered when one-to-one comparisons among hetero-channel UTB
devices regarding variability are made. Our study is crucial to the
robustness of multi-V;, designs with advanced UTB technologies.

Index Terms—Backgate bias, germanium-on-insulator (GeOl),
InGaAs-OlI, process variation, quantum confinement (QC), tem-
perature variation, ultra-thin-body (UTB).

I. INTRODUCTION

ARIABILITY of nanoscale MOSFETs has become a

crucial concern to the functional robustness of integrated
circuits and systems [1]-[5]. For future CMOS devices, Ge
and III-V materials such as InGaAs have been proposed as
alternative channel material because of their superior transport
properties [6]-[10]. Their higher permittivity, however, makes
them more susceptible to short-channel effects (SCEs). Ultra-
thin-body (UTB) structure with thin buried oxide (BOX) has
been regarded as one of the promising solutions to improve
the electrostatic integrity (EI) [9]-[12]. In addition to its im-
munity to SCEs and reduced random dopant fluctuation (RDF)
by employing undoped (or lightly doped) channel [13]-[15],
using the UTB with thin BOX structure also enables more
efficient threshold voltage (Vi) modulation through backgate
bias (Vi) for power/performance optimization [11], [12] and
global variability compensation [16]-[19]. With the scaling
of device dimensions, the quantum-confinement (QC) effect
along the channel-thickness direction may become significant.
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Fig. 1. Schematic sketch of a UTB structure with thin buried oxide (BOX).
The origin point is located at the channel/BOX interface of source/channel
junction. L is the channel length. T, Tox and Tpox are thicknesses of
channel, gate oxide and BOX, respectively. The doping concentration of the
Si ground plane is 1 x 1020 cm=3 (p-type).

Whether the QC effect will impact the Vi, dependence of the
Vi1 variability for these UTB hetero-channel devices has rarely
been discussed and merits detailed investigation.

In this paper, using an analytical solution of Schrodinger
equation corroborated with TCAD simulation, we investigate
the impact of backgate bias on the sensitivity of Vyy to chan-
nel length (L), channel thickness (Ty,), and temperature (T)
variations for UTB GeOI and InGaAs-OI n-MOSFETs. This
paper is organized as follows. In Section II, we describe our
model for UTB MOSFETSs used in the work. In Section III,
we investigate and compare the impact of backgate bias on the
sensitivity of Vi, to process variations for GeOI and InGaAs-
OI devices. The implication on within-die variability is also
discussed. Examination of the Vy,, dependence of the Vi
sensitivity to temperature variation is presented in Section IV.
The conclusion is drawn in Section V.

II. METHODOLOGY

Fig. 1 shows a schematic sketch of a UTB with thin BOX
structure. To consider the quantum-confinement effect along
the channel-thickness (i.e., x) direction, the 1-D Schrodinger
equation needs to be solved. In order to obtain an analytical
quantum-confinement model, the conduction-band edge F¢ ()
was usually treated as a triangular well [20]. To consider
the SCEs in this work, however, it is treated as a parabolic
well [21] with Ec(x) = ax?® + Bz + v, where «, 3, and v
are channel-length-dependent coefficients and can be obtained
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from the channel potential solution of Poisson’s equation under
subthreshold region [22]. Utilizing the parabolic-well treatment
and the power series method, the wave function can be ex-
pressed as U; = 3d,, - 2™ with [21]

My
dy = —ﬁ(Ej—W)'do;
My
dsz = —W[(Ej—w'dl_ﬁ'do]
2my
dn= = oy (B =) o =

'dnf?) — Q- dn74] , 1 > 4

(1)

where E; is the jth eigenenergy and m, is the carrier quantiza-
tion effective mass [23].

The eigenenergies and wave functions of short-channel UTB
MOSFETs under subthreshold region can then be derived by
the boundary condition ¥;(z = 0) = ¥,(xz = Tc,) = 0 with
x =0 and x = Ty, defined as the interfaces of BOX/channel
and channel/gate-oxide, respectively. Utilizing the derived
eigenenergies and wave functions, the channel electron density
can be calculated by [23]

n(z,y) = Neqm(x,y) - exp (EF(Z/) - Ec(x,y))

kT
(2a)
vmg kT Eo(z,y) — E;,
NC,QM(may):Z{g 7:;;2 -exp< ol z; . )
v,
W5 (2, )] } (2b)

where v is the type of valley, g, is the degeneracy of the valley,
mg,, is the corresponding density-of-state effective mass [23],
[24], and Er(y) is the quasi-Fermi level along the channel-
length (i.e., y) direction. It should be noted that the impact
of quantized eigenenergies and wave functions on the electron
density is incorporated into the effective density-of-state for
conduction band (N¢.qm) [25] and the subthreshold drain
current in terms of N¢ qm can be obtained [21], [26], [27].
Our quantum-confinement model has been verified with
TCAD simulation that numerically solves the self-consistent
solution of 2-D Poisson and 1-D Schrodinger equation [28].
In this study, the source/drain doping concentration is 5.5 x
10" ecm™3 for the GeOI device and 1 x 10?° cm™3 for the
InGaAs-OI device. Abrupt junction between the source/drain
region and the channel region is assumed. The transport model
we employed is the drift-diffusion model with constant mobility
(3,900 ¢cm?/V -s for Ge and 15,000 cm?/V -s for InGaAs
[32], [33]). Fig. 2(a) and (b) show that for both the parabolic
potential well of short-channel devices and the triangular well
of long-channel devices with forward and reverse Vi, the
E;’s can be accurately predicted by our QC model. It is
worth noting from Fig. 2(b) that, the triangular potential well
of Vpg = —1 V is much sharper than that of Vyz =1V,
and thus the eigenenergies of Vi, = —1 V are higher than
the Vi, = 1 V counterparts. Fig. 3(a) and (b) show that our
calculated subthreshold drain current considering the QC effect
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Fig. 2. Conduction-band edge E- and quantized eigenenergies of UTB
MOSFETs. (a) Short-channel GeOI and InGaAs-OI devices with parabolic
well at Vi,g = 0 V. (b) Long-channel GeOI device with triangular well for
Vg = —1 Vand Vg = 1 V. ynmin is where the minimum potential occurs
for carrier flow along the channel-length direction.
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Fig.3. Verification of the log(Ipg) vs. Vggs characteristics of (a) UTB GeOl,
and (b) InGaAs-OlI devices for our quantum-confinement model.
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Fig. 4. Comparison of the sensitivity of Vi, to Vi for our quantum-
confinement model and the experimental data from [12].
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Fig. 5. Impact of quantum confinement on the sensitivity of AV, 1, to Vg
for (a) UTB GeOl, and (b) InGaAs-OI devices with nominal L = 40 nm.
AVyy, 1, denotes the Vyy, variation caused by the L variation. CL: classical
condition. Noted that Vi, = Vgs (When Iys = 100 nA x (W/L)).

is fairly accurate as compared with the TCAD simulation. Fig. 4
shows that the sensitivity of Vi, to Vi, exhibits satisfactory
agreement between the model and the experimental data [12].

III. IMPACT OF BACKGATE BIAS ON THRESHOLD-VOLTAGE
SENSITIVITY TO PROCESS VARIATIONS

In this work, we use AV, = [Vin(4+30) — Vin(—30)|/2 to
represent the sensitivity of Vi, to process variations. Based on
[31], the standard deviations of L variation (o,) and T, varia-
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Fig. 6. Impact of quantum confinement on the Vyy, roll-off for UTB GeOI
devices with (a) Vi,g = —1 V, and (b) Vi,g = 1 V. The Vyy, roll-off is defined
as Vi (L = 100 nm) — Vi (L).

tion (oren) are assumed to be 1 nm and 0.16 nm, respectively,
in our calculation [31]. The Vy;, is determined by adopting a
constant current criteria of 100 nA x (W/L). Fig. 5 compares
the impact of quantum confinement on the backgate-bias depen-
dence of Vyy, sensitivity to L variation for GeOI and InGaAs-OI
devices with nominal L = 40 nm. It can be seen that, for both
the GeOlI and InGaAs-OI devices, the L-induced Vy;, variation
(AVyy, 1) increases significantly with increasing Vi, (i.e., from
reverse to forward backgate bias) under the classical (CL)
condition. This is because the carrier centroid is moved toward
the backgate interface from reverse to forward Vy,,. However,
as the QC effect is considered, the sensitivity AVyy, , is less
dependent on Vy,, for both the GeOI and InGaAs-OlI devices.
In addition, Fig. 5 also shows that the worst-case AVyy, 1, is
reduced by the QC effect at Vi, = 1 V. Fig. 6(a) shows that, as
compared with the CL condition, the Vy, roll-off is deteriorated
by the QC effect for GeOl devices with Vi,; = —1 V so that
the AVyy,, 1, considering the QC effect is higher than the CL
counterpart. In Fig. 6(b) with Vi, =1 V, on the contrary,
the Vyy, roll-off is suppressed by the QC effect and hence the
AVyy, 1, considering the QC effect is lower than the CL one.
This explains the QC-reduced Vy,.-dependence of AVyy, 1, in
Fig. 5. The opposite trend of Vyy, roll-off for the GeOI device
with Vi, = —1 V and V},, = 1 V can be explained by Fig. 7,
where the ground-state eigenenergy (Ey — Ec,min) (and thus
the QC-induced Vy, shift) of the long-channel GeOl device
(L = 100 nm) is essentially much higher than the short-channel
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Fig. 7. Impact of Vi, on the ground-state eigenenergy (Eo — E¢ min) of
long-channel and short-channel UTB GeOlI devices with T, = 10 nm.
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Fig. 8. Impact of quantum confinement on the sensitivity of AViy Tch
to Vyg for (a) UTB GeOl, and (b) InGaAs-OlI devices with L = 40 nm.
AVyp Tch denotes the Vyy, variation caused by the Ty, variation.

one at Vg = —1 V because of the sharp triangular well. The
(Eo — Ec min) as well as the QC-induced Vyy, shift of the long-
channel device substantially decreases with increasing Vy,, due
to the strong Vi, modulation of its triangular well [Fig. 2(b)].
Therefore, the Vyy, roll-off is deteriorated by the QC effect for
the GeOl device at V,; = —1 V, while it shows the opposite
trend at Vi, = 1 V in Fig. 6.

It is worth noting from Fig. 5 that if Adaptive Body Bias
(ABB) is used to compensate the systematic die-to-die vari-
ation, the corrective application of Vi, (positive or negative)
on a given die would significantly vary the within-die Vi,
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Fig. 9. Impact of quantum confinement on the sensitivity of Viy, to T}, for
UTB GeOl devices with (a) Vi, = —1V, and (b) Vg = 1 V.

variability according to the CL model. However, this effect can
be beneficially suppressed by the QC effect.

Fig. 8 compares the impact of backgate bias on the sensitivity
of Vi to Ty, variation under the QC and CL conditions for
GeOI and InGaAs-OI devices with nominal Ty, = 10 nm.
It can be seen that the AVy, caused by the T, variation
(AVih,Ten) increases with Vi, under the CL condition for both
the GeOI and InGaAs-OI devices because the device electro-
static integrity deteriorates as Vi, increases. Moreover, both
the GeOI and InGaAs-OI devices exhibit less Vi,.-dependence
of AV, ten as the QC effect is considered, although for a
given Vi, (e.g., Vg = —1 V) the magnitude of AVyy, ey, is in-
creased by the QC effect. It is also worth noting that the worst-
case AVyy, rch occurring at Ve = 1V is hardly changed by the
QC effect. Fig. 9(a) indicates that the QC-induced Vyy, shift of
the GeOl devices with Vy,, = —1 V decreases with increasing
Ten. In Fig. 9(b) with Vy,; = 1V, the QC-induced Vy, shift,
however, becomes comparable around T, = 10 nm. In other
words, at Vi, = —1V, the AVyy, e considering the QC effect
is higher than the CL counterpart, while it becomes comparable
to the CL at Vi, = 1 V. Fig. 10 shows that the (Ey — E¢ min)
(and thus the QC-induced Vyy, shift) of Vi,; = —1 V decreases
with increasing Ty, while the (Ey — E¢ min) of Vg =1V
saturates at around T;, = 8 nm. It is plausible that the degree of
electrical confinement decreases as Vi, increases, so the Vy,g
dependence of AVyy, ren is suppressed by the QC effect for
both the GeOI and InGaAs-OI devices in Fig. 8.
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Fig. 10. Difference of ground-state eigenenergy (Eo — E¢ min) between
Vg = —1Vand Vg = 1V for UTB GeOl devices with various Ty,.
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Fig. 11 compares the impact of quantum confinement on
the sensitivity of process-induced Vyy, variations to Vi, for
Si-, Ge- and InGaAs-channel devices. Here, the dAVy;, / dVipg
denotes AV, (Vpg = 1 V) — AVyy, (Ve = —1 V) and the QC
correction means the percentage change of dAVyy, /dVy,, due
to quantum confinement. It can be seen that the QC effect
suppressing the Vyg-dependence of the Vi, sensitivity to L
and T, variations applies to standard Si devices in addition to
high-mobility channel devices. However, due to the difference
in the quantization effective mass, the InGaAs-channel device
exhibits the largest QC correction, whereas the Si device ex-
hibits the smallest QC correction.

IV. IMPACT OF BACKGATE BIAS ON THRESHOLD-VOLTAGE
SENSITIVITY TO TEMPERATURE VARIATION

Fig. 12 compares the impact of quantum confinement on the
backgate-bias dependence of the V¢, sensitivity to temperature
for UTB GeOl and InGaAs-OI devices. It shows that the sensi-
tivity of Vyy, to temperature (|AVy, /AT|) increases with Vg
under the CL condition for both GeOI and InGaAs-OI devices.
It can also be seen that, for a given Vi, (e.g. Vi,g = —1 V), the
|AViy, /AT| is increased by the QC effect. Moreover, the QC-
increased |AVy, /AT| of the InGaAs-OI device is larger than
the GeOI counterpart. The Vypg-dependence of |AVy,/AT|,
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Fig. 12.  Impact of quantum confinement on the Vi, dependence of the
Vi, sensitivity to temperature for (a) UTB GeOl, and (b) InGaAs-OI devices.
The sensitivity of Vyy, to temperature (JAVyy, /AT]) is defined as [V, (T =
400 K) — Vi, (T = 200 K)| /(400 K — 200 K).

however, is reduced considering the QC effect. Fig. 12 also
indicates that the worst-case |AVy, /AT| under Vi,; = 1 V is
nearly unchanged after considering the QC effect. Fig. 13(a)
shows that the QC-induced Vi shift at T = 200 K is larger
than that at T =400 K for Vi, = —1 V, while they are
comparable for Vi, = 1 V. This can be explained as follows.
The QC-induced Vyy, shift, AVth, is mainly determined by the
equivalent surface potential shift Ayp®@M [29], which depends
on the ground-state eigenenergy (Ey — Eqmin) and the loca-
tion of carrier centroid under the ground-state approximation
[20], [29], [30]. Fig. 13(b) shows that the (Ey — Ec min) at
T = 400 K is smaller than that at T' = 200 K for both V,; =
—1 V and Vy,; =1 V. However, as T increases from 200 K
to 400 K, the impact of carrier centroid reduces AyY@M for
Vg = —1 V, while the impact of carrier centroid increases
A and compensates the impact from (Eg — E¢ min). This
explains Fig. 13(a). In other words, the dominance of elec-
trical confinement increases with decreasing Vi, resulting in
the QC-reduced Vyg-dependence of |[AVyy, /AT| for the UTB
GeOlI and InGaAs-OI devices in Fig. 12.

V. CONCLUSION

We have investigated the impact of backgate bias on the
Vin sensitivity to process and temperature variations for GeOl
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Fig. 13. (a) The difference of QC-induced V¢y, shift between T' = 200 K and
T = 400 K for the UTB GeOlI device with various Vi,g. (b) The ground-state

eigenenergy and the impact of carrier centroid on AwSQM of the UTB GeOI
device with various Vi,g at T' = 200 K and T' = 400 K.

and InGaAs-OI devices. Our study indicates that the QC effect
reduces the sensitivity of the L-induced Vy;, variation to Vig.
In other words, the Vi, dependence of the within-die Vyy
variation will be suppressed by the QC effect as the adap-
tive body bias technique [16]-[18] is utilized to compensate
the die-to-die variation. This beneficial effect simplifies the
design of ABB circuitry. In addition, the Vi, dependence of
the Vi, sensitivity to temperature variation is suppressed, and
the Vi, dependence of Vi, sensitivity to T, is reduced for
these UTB hetero-channel devices. For the maximum value
of Vi, sensitivity, the worst-case AVyy, 1, is reduced by the
QC effect at Vi,; = 1 V, while the worst-case AV, 7o, and
|AVn/AT| occurring at Vi, = 1 V are hardly changed by the
QC effect. Since Si, Ge, and InGaAs channels exhibit different
degree of quantum confinement due to different quantization
effective mass, the impact of quantum confinement has to be
considered when one-to-one comparisons among the hetero-
channel devices regarding variability are made. Our study is
critical for the functional robustness of multi-Vy;, designs with
advanced UTB technologies.
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