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Deep-Depletion Effect in SOI Substrates and Its
Application in Photodetectors With Tunable
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Abstract— We present an interesting transient effect
found in silicon-on-insulator (SOI) transistors, where the
drain current responds slowly to a back-gate voltage (VBG)
pulse. This transient mechanism is due to the deep-
depletion region in the SOI substrate induced by the
VBG pulse and has been validated by experimental and
TCAD simulation results. The deep-depletion characteristic
can be employed for photodetection in a fully depleted
(FD)-SOI MOSFET device. We have measured the photore-
sponse of the FD-SOI MOSFET under various light illumi-
nation conditions and studied systematically the impact
of the VBG pulse duty ratio, amplitude, and period on
the responsivity and detection range. An optimized device
structure, fabricated in an advanced ultrathin body and
buried oxide (BOX) (UTBB) SOI technology, shows low oper-
ation voltage and extended detection range.

Index Terms— Deep depletion effect, detection range,
photodetector, responsivity, SOI.

I. INTRODUCTION

S ILICON-ON-INSULATOR (SOI) technology is now
mainstream, thanks to exceptional features of fully

depleted FD-SOI MOSFETs with ultrathin body and buried
oxide (BOX) (UTBB): aggressive downscaling capability,
superior RF performance, low-voltage operation, and high
resistance to transient radiation effects [1]–[4]. Furthermore,
the back-gate voltage VBG provides flexibility to tune the
threshold voltage when compared to conventional MOSFETs
and FinFETs [5]–[9]. Finally, the different refractive indices
of BOX and Si channel also make SOI substrates appealing
for application in photonics [10]–[13].
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SOI-based photodetectors play an important role as a bridge
connecting electronic and photonic devices and have con-
tributed to the development of electronic–photonic integrated
circuits (EPICs) [14]–[17]. However, advances in SOI-based
photodetection technologies have been hindered by lower
responsivity and quantum efficiency as well as difficulties in
fabricating optical sensors in thin Si films [18], [19]. Recently,
novel SOI-based photodetector concepts have been proposed,
such as the interface-coupled photodetector (ICPD) and field-
induced embedded diode with electrostatic doping [20], [21].

In this article, we report a transient effect in SOI substrate
that makes the drain current of a fully depleted transistor
change slowly under sharp back-gate pulse. This abnormal
drain current behavior arises from a deep depletion effect in
the SOI substrate triggered by VBG pulse, as validated by both
experiments and TCAD simulations. Furthermore, the deple-
tion effect is modulated by light, making it useful as an
operating mechanism for photodetection. By using VBG pulses
with various duty ratios and time periods, we successfully
demonstrate the tunability of the responsivity and detection
range. Finally, we present and characterize fabricated photode-
tectors in an advanced UTBB technology, demonstrating the
reduction of the operating voltage (VBG) without degrading the
detection range.

II. DEVICE FABRICATION AND ELECTRICAL

CHARACTERISTICS

Fig. 1(a) shows the top-down SEM image of a device,
fabricated by a simplified process of lithography and wet
etching in tetramethylammonium hydroxide (TMAH). The
schematic of the device is shown in Fig. 1(b). It is essentially
a Schottky barrier FET (SB-FET) controlled by a tunable
VBG, much like a pseudo-MOSFET [22], [23]. We used SOI
wafers with top silicon thickness TSi = 100 nm, lightly
p-type doped (1015 cm−3) bulk substrate, and BOX thickness
TBOX = 145 nm. The length and width of the channel
are 10 μm. The active layer is defined by photolithography
followed by O2 reactive ion etching (RIE) to remove the resid-
ual resist, with RIE done at 50-W power, chamber pressure
of 4 Pa, and O2 gas flow of 20 sccm for 30 s. Then, the silicon
etching is done by a mixture of TMAH, alcohol, and distilled
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Fig. 1. (a) SEM image of the top view of the fabricated device.
(b) Schematic of FD-SOI MOS device. (c) Static dc scan of drain current
ID versus back-gate voltage VBG. (d) Transient drain current evolution
after pulsing the VBG to −18 V at T = 300 and 310 K.

water with a proportion of 3:2:5 at a temperature of 50 ◦C
for 5 min. Source and drain contact regions are patterned
by lithography and 10/110 nm Cr/Au metal electrodes are
deposited by evaporation followed by lift-off in acetone for
10 min. Finally, the contacts are annealed at 300 ◦C for 5 min.

The static ID−VBG characteristics show conventional p-type
MOSFET behavior in which the device can be turned on by a
negative VBG, as seen in Fig. 1(c). A positive VBG can turn on
the n-type MOSFET, but the currents are much lower due to
high contact resistance set by the work function of Cr (near
the Si valence band).

The response of this pseudo-type MOSFET to a transient
VBG pulse is shown in Fig. 1(d). With the drain contact biased
at a relatively low constant at −1 V and the Si substrate pulsed
with a VBG step voltage going from 0 to −18 V, the drain
current ID increases slowly rather than abruptly. It reaches
the steady-state value of −3.2 μA/μm after about 150 s at
room temperature (and somewhat faster at higher temperature
of T = 310 K [see Fig. 1(d)].

To understand the qualitative difference between dc
scan and transient characteristics, we performed TCAD
simulations with Synopsys Sentaurus. The carrier life-
time in the substrate was set to 0.1 ms and we used
doping-dependent Schottky–Read–Hall (SRH) and electric
field-dependent mobility [24], [25]. The simulation results
reproduce the experimental results fairly well: ID increases
slowly after the applied VBG pulse and saturates in about 100 s,
as shown in Fig. 2(a).

To further document the physical mechanism, Fig. 2(b)
compares the hole densities at t = 2 s right after the VBG

pulse, and at t = 150 s when ID reaches saturation. A deep
depletion region extending ∼3 μm under the BOX is initially
formed in the Si substrate due to the VBG pulse. However,
the depletion region shrinks as time passes and thermally
generated electrons accumulate at the BOX/substrate interface
and modify the hole distribution, as shown in the t = 150 s
panel of Fig. 2(b). These accumulated electrons induce the
same number of holes in the top Si channel as in a
capacitor.

Fig. 2. TCAD simulation results showing (a) evolution of ID against
time after VBG pulse. (b) Hole density distributions after 2 and 150 s.
(c) Evolution of carrier densities and potential at the BOX/substrate
interface.

Fig. 2(c) shows the evolution of electron density at the
BOX/substrate interface and hole density in the top Si channel.
Clearly, the electron density at the bottom interface increases
with time due to thermal generation. This causes a drop of
effective potential at the BOX/substrate interface and thus
increases the hole density and ID in the top channel. At higher
temperature, the thermal generation rate is more efficient;
hence, ID increases faster, as shown in Fig. 1(d). This transient
effect has also been observed previously in pseudo-MOS and
used to extract the carrier lifetime in SOI [26], [27].

III. PHOTODETECTION APPLICATION

The deep-depletion effect discussed above can be used for
photodetection purposes in which light can accelerate the
generation of electrons in the substrate. The responsivity and
detection range are two important performance metrics for
a photodetector. With high responsivity, the photodetector is
sensitive to low light intensity, whereas the detection range
defines the highest light intensity before the response saturates.
Conventional photodetectors typically have a fixed responsiv-
ity and detection range [28], [29]. The ability to tune the
responsivity and detection range is of great interest for a
number of applications in optoelectronics [30]–[32].

In this section, we investigate the photoresponse of the
device under various light intensities and present the respon-
sivity and detection range. Further, we demonstrate how the
responsivity and detection range can be tuned by varying the
VBG pulse properties.

A. Photoresponse and Definition of Metrics

A VBG pulse train with anamplitude of −20 V, period
of 20 ms, and duty ratio of 50% is applied when the device
is subjected to light with various intensities from 0 (dark)
to 29.2 μW/cm2. The light is generated by a light-emitting
diode (LED) with a center wavelength of 620 nm. LED light
intensity is adjusted by a voltage regulator.

Fig. 3(a) shows the measured drain current waveforms.
In the dark, pulsing VBG from 0 down to −20 V leads to an
ID ∼ 1 μA/μm that remains constant on the 10-ms time scale.
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Fig. 3. (a) Response of ID to VBG pulses under various light illumination
conditions. (b) Relation between peak ID and light intensity.

However, when the device is illuminated, a sawtooth-like
waveform is observed, in which the current increases dur-
ing the VBG = −20 V phase and then resets to the dark
value as VBG returns to zero. At higher light intensities, ID

exhibits a sharper increase during the VBG pulse. Eventually,
at sufficiently high light intensity, ID saturates at ∼4 μA/cm2

[see Fig. 3(b)].
The evolution of the current under various light intensities

can be easily understood by considering the photogeneration in
the substrate. As the VBG = −20 V pulse is applied, the deep
depletion region is formed in the substrate as explained above.
Since the thermal generation rate is very low, a negligible
number of electrons are generated during the 10 ms of applied
VBG at room temperature. Thus, the dark ID does not change
during the VBG = −20 V phase. However, under illumi-
nation, the light absorbed by the Si substrate can generate
photoelectrons that accumulate at the BOX/depleted substrate
interface. These photoelectrons increase the drain current in
the top Si channel, similar to the effect induced by thermally
generated electrons discussed in Section II. Since the pho-
togeneration rate is much faster than the thermal generation,
ID shows a significant increase even during a short 10-ms
time period. At higher light intensities, the photogeneration
rate is enhanced, resulting in an increasing drain current.
However, when photoelectrons completely charge the BOX
capacitor, the equilibrium state is reached and ID saturates.
The maximum photoelectron charge that the BOX capacitor
can accommodate is approximately given by

Qph = �VBG × CBOX (1)

where the �VBG is the amplitude of the applied VBG pulse
and CBOX is the BOX capacitance. After the VBG is reset from
−20 back to 0 V, the device is reset and all photoelectrons
at the BOX/substrate interface are evacuated via the back-gate
contact.

The peak ID values under VBG pulses in Fig. 3(a) can
be used to represent the photoresponse of the device. In a
real application, this can be done by a peak detector circuit
[33]–[35]. The relation between the peak ID and the light
intensity is plotted in Fig. 3(b), from which the responsivity
and detection range are extracted. The responsivity R is
defined as

R = Iphoton

P × A
(2)

Fig. 4. Response of ID after continuous VBG = −20 V pulse train of
20-ms time period, in the dark (black) and under different light intensities.
The duty ratio varies from (a) 30% to (b) 50% and (c) 70%.

Fig. 5. (a) Evolution of ID with light intensity as a function of duty ratio of
VBG pulse train. (b) Trade-off between responsivity and detection range
for various duty ratios.

where the photocurrent Iphoton is the difference in the drain
current with and without the illumination, P is the light
intensity, and A stands for the area of the device. It is extracted
from the slope of the ID − P curve in Fig. 3(b) before ID

saturates. On the other hand, the detection range is defined as
the light intensity, at which the ID increases to over 90% of
its full swing.

B. Impact of the Duty Ratio of VBG Pulse

We have studied the effect of the VBG duty ratio by applying
continuous VBG pulse trains with amplitude of −20 V, time
period of 20 ms, and duty ratios varying from 30% to 70%.
The corresponding ID waveforms are shown in Fig. 4(a)–(c).
Apparently, with a larger duty ratio, ID reaches higher values
under a fixed light intensity, whereas the saturation current
value of ∼4 μA/μm is unaffected.

The relationship between the peak ID value and the corre-
sponding light intensity is shown in Fig. 5(a). From the slope
of ID–P relation, the responsivity can be extracted: up to
2.9 × 106 A/W at a 30% duty ratio. The current saturates
when the light intensity goes over 11.9 μW/cm2. With a higher
duty ratio of VBG pulse, the responsivity is higher and exceeds
7.2 × 106 A/W for a duty ratio of 90%. However, there
is trade-off, as ID reaches the saturation limit earlier and
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Fig. 6. Response of ID to a continuous VBG = −20 V pulse train of 50%
duty ratio and under various light intensities. The period of VBG pulse is
(a) 10, (b) 14, (c) 20, and (d) 24 ms.

Fig. 7. (a) Peak output current versus the light intensity as a function of
the time period of the VBG pulse. (b) Compromise between responsivity
and detection range in terms of time periods of VBG pulse.

the detection range drops from 11.9 to around 3.9 μW/cm2,
as shown in Fig. 5(b).

With a higher duty ratio, the light can generate more
photoelectrons before the reset of the device, which results
in higher drain current. On the other hand, the detection
range degrades with larger duty ratio since the maximum
photoelectron capacity of (1) is reached with lower light
intensity and longer exposure duration. Thus, the duty ratio
of VBG pulse paves a way to flexibly tune the compromise
between responsivity and detection range.

C. Impact of the Time Period of VBG Pulse

We further explore the responsivity and detection range by
adjusting the time period of the applied VBG pulse train. The
duty ratio and amplitude of the VBG pulses are fixed at 50%
and −20 V, respectively. Fig. 6(a)–(c) shows the drain current
transients for four different VBG pulse periods of 10, 14, 20,
and 24 ms, respectively. The corresponding ID–P relations are
compared in Fig. 7(a). With a longer VBG period, ID reaches
a higher peak value, indicating higher responsivity.

The high responsivity comes at the cost of a degraded
detection range. As summarized in Fig. 7(b), the responsivity
increases from 2.2 × 106 to 5.8 × 106 A/W as the time period
of VBG increases from 10 to 30 ms. In contrast, the detection
range degrades gradually from 16.4 to 6.9 μW/cm2 against the
increase of time period of VBG. The impact of the VBG pulse

Fig. 8. Transient response of ID to a continuous VBG pulse train with
fixed duty ratio of 50% and time period of 20 ms, under various light
intensities. The VBG pulse varies from (a) −10, (b) −20, and (c) −30 V.

Fig. 9. (a) Maximum output current versus light intensity for various
VBG pulse amplitudes. (b) Responsivity and detection range versus VBG
pulse amplitude.

period on the responsivity and detection range arises from the
change of the width of VBG pulse. With a longer period at a
fixed duty ratio, the width of VBG pulse is increased, creating
more photoelectrons before the reset. Thus, the responsivity
rises and the detection range drops. Changing the VBG pulse
period provides an alternative way to flexibly tune the trade-off
between responsivity and detection range.

D. Impact of Pulse Amplitude

We have also measured the device as a function VBG pulse
amplitude, while keeping a fixed duty ratio of 50% and a
time period of 20 ms. Fig. 8(a)–(c) presents the response
of the device as a function of VBG amplitude ranging from
−10 to −30 V. The corresponding ID–P relations are shown
in Fig. 9(a): we find that ID saturates earlier at lower VBG

amplitude, whereas the ID–P curves before saturation almost
coincide.

Fig. 9(b) demonstrates the impact of VBG amplitude on the
responsivity and detection range. The responsivity is almost
constant for VBG = −20 V or more negative, whereas
the VBG = −10 V pulse amplitude produces a very high
responsivity rises up to 6.3 × 106 A/W. We attribute this to the
fact that the device operates in the subthreshold region under
low VBG, making ID very sensitive to changes in VBG. The
response of the device pulsed at VBG = −10 V is nonlinear
in light intensity [see Fig. 9(a)].
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Fig. 10. (a) Static dc scan of drain current during the back-gate voltage
sweep. (b) Evolution of ID for a continuous VBG = −5 V pulse train with
20-ms time period and duty ratio of 50% and (c) 90% under various light
intensities.

With the reduction of VBG pulse amplitude, the detection
range is degraded from 15.45 to 3.77 μW/cm2. This is mainly
because the detection range is determined by the maximum
charge that the BOX capacitor allows, which is proportional
to the applied VBG [see (1)]. However, there is no apparent
change in responsivity because the duty ratio and period of
VBG pulse are fixed. The slope of ID–P curve above the
subthreshold region is approximately constant, indicating no
apparent change in responsivity due to the fixed width of
VBG pulse train, creating the same number of photoelectrons
before the reset of the device [see Fig. 9(a)]. The higher VBG

amplitude increases the number of maximum photoelectron
charges that BOX capacitor can accommodate which results
in the increase of detection range. Hence, the change of
VBG amplitude impacts on the detection range. However,
the responsivity remains nearly constant above the subthresh-
old region [see Fig. 9(b)].

Since reducing the VBG can seriously degrade the detection
range of the photodetector and cause undesirable nonlinearity,
further optimization of the device structure is needed.

IV. OPTIMIZATION OF THE DEVICE

The amplitude of VBG = −20 V (or larger) pulses required
for high sensitivity and detection range is undesirable for
practical applications. In order to scale down VBG without
degrading the detection range, the key is to reduce the BOX
thickness. With thinner BOX, the capacitance and its maxi-
mum stored charge limit can be increased even for lower VBG

pulses [see (1)]. To verify this, we fabricated a new set of
devices in an advanced UTBB SOI substrate with 20-nm BOX
and 12-nm top Si layer, using the same fabrication steps as
described in Section II.

The ID–VBG dc characteristics of the fabricated device are
shown in Fig. 10(a). The UTBB device is fully turned on by
VBG = −5 V, much lower than that required for 145-nm
BOX devices of Fig. 1. Fig. 10(b) and (c) shows the tran-
sient measurements under various duty ratios of VBG pulse
from 50% to 90%, with the VBG amplitude fixed at −5 V.

Fig. 11. (a) Peak values of output current versus light intensity as a
function of duty ratio. (b) Plot of responsivity versus duty ratio.

Fig. 12. Response of ID to continuous VBG pulse trains of amplitude
(a) −4 and (b) −6 V, with a fixed duty ratio of 50% and a fixed time period
of 20 ms, under various light intensities.

The responsivity increases with duty ratio and we find that at
90% duty ratio the current does not show any saturation at
intensities up to 49 μW/cm2, which is the upper limit of our
LED light source.

The relation between the maximum ID and the light inten-
sity is shown in Fig. 11(a). The responsivity increases with
duty ratio as summarized in Fig. 11(b). Due to the imperfect
Schottky source/drain contacts, the ON-current and responsiv-
ity of the UTBB SOI device are lower than in Section III
devices. However, the detection range is markedly improved
under much lower applied VBG.

The downscaling of VBG is further explored by measuring
the device under VBG amplitudes of −4 and −6 V at a fixed
duty ratio of 50% and time period of 20 ms, as shown in
Fig. 12(a) and (b). The current does not show any sign of
saturation even with VBG pulse as low as −4 V. The ID–P
and responsivity versus VBG relations are summarized in
Fig. 13(a) and (b), respectively, and show almost the same
responsivity under various VBG amplitudes. Compared to the
device with 145-nm BOX, the device with 20-nm BOX
demonstrates successful operation with VBG pulses of −4 V
amplitude and the improvement in detection range to over
49 μW/cm2.

To confirm the increased detection range with UTBB SOI
structure, we performed the TCAD simulations, with fixed
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Fig. 13. (a) Maximum ID current versus light intensity as a function of
VBG amplitude. (b) Plot of responsivity versus VBG amplitude.

Fig. 14. TCAD simulation results showing enhancement of detection
range with UTBB SOI structure. Comparison of ID-light intensity relations
between devices with BOX thicknesses of 145 and 20 nm.

Tsi = 6 nm and two different BOX thicknesses (T and T nm)
for comparison. The Si substrate is biased with a VBG pulse
from 0 to −5 V with a fixed drain voltage of −1 V. The
relation between the peak ID and the corresponding light inten-
sity is shown in Fig. 14. The ID saturates early in the device
with 145-nm BOX, indicating a low detection range down to
30 μW/cm2. However, the device with 20-nm BOX shows a
very high detection range up to 210 μW/cm2. The detection
range is determined by the maximum charge that the BOX
capacitor stores. This is proportional to the BOX capacitance
(CBOX), provided VBG amplitude is fixed [see (1)]. At higher
light intensities, the photogeneration rate is enhanced, resulting
in an increasing drain current. However, as photoelectrons
completely charge the BOX capacitor, the equilibrium state is
reached and ID saturates. Thus, an optimized device structure,
with advanced UTBB SOI technology dramatically improves
the detection range with low operation voltage.

V. CONCLUSION

An investigation of the transient effect in SOI substrates
under back-gate pulsing has been carried out experimentally
and confirmed by TCAD simulation. This transient effect is
induced by the VBG-created deep-depletion region in the sub-
strate. Electrons generated in this region by slow thermal gen-
eration accumulate in the BOX/substrate interface and result in
the gradual increase of ID. Given the near-instantaneous photo-
generation of electrons under illumination, this deep-depletion
effect can be exploited for photodetection by using a VBG pulse
train. The peak drain current increases almost linearly with the
light intensity before saturation. We have studied the impact of
various duty ratios, time periods, and amplitude of VBG pulses
on the trade-off between responsivity and detection range.

A higher duty ratio and a longer time period are both helpful
to improve the responsivity, reaching values as high as
7.3 × 106 A/W, albeit with a degraded detection range.
Operation at lower VBG has been demonstrated by using
advanced UTBB SOI with thinner BOX. Device operation
with VBG down to −4 V and a remarkable detection range of
over 49 μW/cm2 have been demonstrated. A crucial property
for practical applications is the tunability of the responsivity
and detection range. This device concept can be adapted to
fully processed MOSFETs with underlapped top gate.
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