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We report a series of metal insulator semiconductor devices with embedded Pt nano particles (NPs)
fabricated using a low temperature atomic layer deposition process. Optically sensitive nonvolatile
memory cells as well as optical sensors: (i) varactors, whose capacitance-voltage characteristics, non-
linearity, and peak capacitance are strongly dependent on illumination intensity; (ii) highly linear
photo detectors whose responsivity is enhanced due to the Pt NPs. Both single devices and back to
back pairs of diodes were used. The different configurations enable a variety of functionalities with
many potential applications in biomedical sensing, environmental surveying, simple imagers for con-
sumer electronics and military uses. The simplicity and planar configuration of the proposed devices
makes them suitable for standard CMOS fabrication technology. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4932031]

I. INTRODUCTION

Metal-Insulator-Semiconductor (MIS) capacitor struc-
tures comprising a double layer insulator stack, a thin ther-
mal SiO,, and a thick atomic layer deposited (ALD) HfO,,
fabricated on either bulk silicon or Silicon-on-Insulator
(SOI) substrates, serve as a basis for a variety of electronic
and optoelectronic devices. A voltage stress process, which
causes filamentation in the dielectric and hence introduces a
current leakage path, transforms those capacitors into photo-
detectors and optically controlled varactors which are highly
sensitive over a broad spectral range.'> The photo-detectors,
so obtained, exhibit low dark currents and high responsivities
in the wavelength range from 245nm to 880nm,"? and the
optically controlled varactors offer very large capacitance
tuning ratios for moderate illumination intensities.>

The addition of semiconductor or metal nano particles
(NPs) placed between the two dielectric layers changes the
capacitors into nonvolatile memory (NVM) cells with very
large memory windows, where the NPs serve as effective
charge storage nodes®® with the hysteresis being controlla-
ble by illumination.®’

This paper described detailed studies of MIS devices
that contain Pt NPs fabricated using a low temperature ALD
process. Pt was chosen as the NP material due to its large
work function difference with silicon that ensures well con-
fined electrons and holes.>*'” The large ratio between the
potential well depth and the Coulomb charging energy
increases the density of trapped charges per particle.**

The most common process to form metal NPs starts
with the evaporation of a thin metal film which undergoes
high temperature (600°C-800°C for Pt) rapid thermal
annealing (RTA).*® Annealing initiates dewetting® which
results in an ensemble of small particles having average
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diameters of 4-5nm which are fully separated from each
other. Using this process in conjunction with SOI substrates
introduces a problem stemming from the poor thermal prop-
erties due to the thick SiO, box layer separating the device
layer from the bulk silicon. Under the high temperature pro-
cess, contaminants migrate to the interfaces between NPs
and both insulator layers, which causes an enhancement of
the charge/discharge processes due to local states outside the
NPs.® Additionally, the Pt NPs may react with the SiO, sub-
layer resulting in Pt silicide'" which thins, in turn, the effec-
tive tunneling layer. Above and beyond that, the Pt NPs can
actually migrate into the SiO, layer further shrinking the tun-
neling layer.® This is clearly seen in Fig. 1(a), which shows a
high resolution cross section transmission electron micro-
scope (HRTEM) image of RTA processed Pt NPs, embedded
between SiO, and HfO, layers processed on a SOI substrate.

An alternative process to form Pt NPs is to fabricate
them in-situ with the HfO, layer by ALD. The low tempera-
ture (300°C) ALD process ensures that the NPs do not
migrate into the SiO, layer and the in-situ process avoids
contamination stemming from moving the sample between
processing systems. A cross section HRTEM micrograph,
Fig. 1(b), clearly shows the Pt NPs placed on top of a 2.9 nm
thick SiO, tunneling layer.

A plan-view image of the NPs obtained from a high re-
solution scanning electron microscope (HRSEM) is shown in
Fig. 2(a). Fig. 2(b) describes a histogram of the NP size dis-
tribution measured for approximately 900 particles. More
than 60% of NPs’ diameter of these ALD processed Pt NPs
is 4-5nm, approximately the same as the sizes of typical
NPs fabricated by RTA.

The low temperature technique to form Pt nanoparticles
was reported in Refs. 12 and 13 and was used effectively
for improved catalysts and catalytic fuel cells.'*'> A

© 2015 AIP Publishing LLC
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FIG. 1. Cross-section HRTEM micrographs of Pt NPs in a NVM capacitor fabricated on a SOI substrate. The HRTEM images were obtained using a mono-
chromated and aberration-corrected FEI Titan 80-300kV S/TEM microscope with a measured spatial resolution of 0.07 nm (in TEM mode). (a) RTA proc-
essed NPs. (b) ALD processed NPs. The arrows denote the effective thickness of the oxide layer. The small arrow in Fig. 1(a) denotes the effective thinning of

the tunneling SiO, due to the embedded Pt NPs.

non-volatile memory MIS structure fabricated on a bulk
silicon substrate that used ALD Pt NPs embedded between a
6 nm thick thermal SiO, tunneling layer and an HfO, block-
ing layer which was annealed at 450°C for Smin was
reported in Ref. 16. The thick tunneling layer ensured good
retention properties, and the entire process lends itself to
standard CMOS processing. However, no previous work
addressed the use of a SOI substrate in conjunction with
ALD processed NPs. SOI substrates have significant advan-
tages due to their widened spectral response’>'”'® and the
low temperature process adds a major improvement as
clearly seen in Fig. 1.

We describe first a systematic study of NVM MIS capaci-
tors with embedded Pt NPs fabricated by ALD. The capacitors
were characterized in the dark and under illumination. These
capacitors were also voltage stressed, turning them into opti-
cally sensitive varactors and photo detectors. The nonlinear
behavior of the current-voltage and capacitance-voltage char-
acteristics of these voltage stressed devices was studied. The
dependence on illumination intensity and measurement fre-
quency of single devices as well as back to back connected
pairs of diodes (which exhibit bipolar hysteresis characteris-
tics) was measured. The key role played by the Pt NPs was
clearly identified.

Il. EXPERIMENTAL PROCEDURE

Planar MIS structures were fabricated on a SOI substrate
comprising a 2.9 um thick phosphorous doped n-Si layer
with a resistivity of 90 Q cm, grown on top of a 1.3 um thick
SiO, spacer. The thickness of the silicon device layer was
chosen based on Ref. 17. Spectroscopic ellipsometry was
employed to measure the wavelength dependent extinction

coefficient (k(1)) of a Si device layer covered with a 2.9 nm
thermal SiO, tunneling film. From k(4), it is straightforward
to calculate the absorption coefficient and light penetration
depth which are shown in Fig. 3(a) as red and blue traces,
respectively.

Such a SOI substrate avails a measurable photo sensitiv-
ity in the range of 245nm to at least 880nm. The 2.9 nm
thickness of the thermal SiO, tunneling layer was shown in
Refs. 1 and 2 to be optimal when followed by a 20nm ALD
HfO, blocking layer. It enables a controllable filamentation
process of the dielectric stack at moderate stress voltages and
yields low dark currents in the photodetectors. Nevertheless,
the 2.9 nm tunneling layer is thinner than the commonly used
value of more than 3.4 nm, which is needed to enact a Fowler-
Nordheim tunneling process,'® and hence, the retention prop-
erties of the present device are somewhat inferior.

A ~3nm thick Pt film was deposited on top of the
thermal SiO, layer by ALD using (Trimethyl)methylcy-
clopentadienylPlatinum (IV) (MeCpPtMes;) in an oxygen
environment and at a substrate temperature of about 300 °C.
The thin Pt film cannot maintain a homogeneous form and
breaks up into an ensemble of individual particles which are
separated from each other as shown in Fig. 2(a). These Pt
NPs were subsequently covered by a 20nm thick HfO,
blocking layer deposited in-situ by the ALD system.

Spectroscopic ellipsometry measurements were also
used to extract the absorption coefficient and penetration
depth spectra of the entire structure (Si device layer, SiO,
tunneling layer, and the HfO, blocking layer) with and with-
out the Pt NPs. The enhancement of the absorption coeffi-
cient due to the Pt NPs is moderate but is clearly seen in the
wavelength range of 400-500nm. The enhancement is

0] (b)
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FIG. 2. (a) Plan-view HRSEM of Pt
NPs fabricated by ALD. The HRSEM
images were obtained by a Zeiss Ultra-
Plus FEG-SEM. (b) Histogram of the
size distributions.
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FIG. 3. Absorption coefficient and penetration depth spectra obtained from
spectroscopic ellipsometer measurements using model V-VASE ellipsome-
ter (J. A. Woollam Co. Inc.) in the 300-1000 nm wavelength range at 65°,
70°, and 75° angles of incidence. (a) Si device layer. (b) and (c) Comparison
of a Si-SiO,-Pt NP-HfO, and a Si-SiO,-HfO, structure; (b) absorption coef-
ficient and (c) penetration depth spectra. The inserts in are zoom images in
the 350 nm to 500 nm wavelength range.

highlighted in the two insets which are zoom images of the
350-500nm wavelength range. The reason behind the
improvement was not fully clarified. A plasmonic enhance-
ment was ruled out due to the small size of the NPs. A possi-
ble reason is a slight change in the effective refractive index
of the dielectric stack and a consequent enhanced transmis-
sion through it which practically enhances the absorption.
Similar base structures but with a tunneling oxide thick-
ness of 3.2nm and 3.6 nm were fabricated simultaneously on
a boron doped bulk p-silicon substrate. Diodes were con-
structed by depositing Ti/Pd/Pt/Au stacks for both gate and
back contact electrodes in the SOI based structures, while,
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for the devices based on bulk substrates, Ti/Pd/Pt/Au electro-
des comprised the gate contacts and Al was used for the
back contact electrodes. The filamentation paths in the
dielectric stack were obtained by voltage stressing the
capacitors using several ms long pulses with an amplitude of
slightly below 12V, which is close to, but lower than, the
voltage causing hard breakdown.

A schematic cross section of the device is shown in
Fig. 4. The optical input port is the area between the center
gate contact (whose area is 7.85x 107 °cm?) and the
ring back contact. The area of the optical window was
1.225 x 10~* em”,

lll. RESULTS

The experimental set-up is described schematically in
Fig. 4(b). Current-voltage (I-V) characteristics were meas-
ured using an Agilent 4155C Semiconductor parameter
analyzer. Capacitance-voltage (C-V) characteristics were
obtained from an HP4192A LF impedance analyzer; for
single devices, it was operated in the parallel mode, while
for two back to back connected diodes, we employed the se-
ries impedance mode. The optical characterization used a
light emitting diode (LED) array which avails collimated
illumination in the 265-880 nm wavelength range. The LED
output was coupled to the diode under test via a lensed fiber
or a large curvature lens. The corresponding illumination
spot areas for the fiber and lens were 8.1 x 10 ®cm? and
4.9 x 10~%cm?, respectively.

Electrodes
W HfO2
I PtNC
W sio:z
Si

Light source

Collimation
lens

Multimode .
fiber lens .

Photo sensors

Measurement
equipment

FIG. 4. (a) Schematic cross section of the device structure. (b) Schematic
diagram of the experimental setup. Contours of the illumination spot are
marked by a large and a small ellipses, for the large curvature lens and the
fiber, respectively.
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A. NVM MIS diodes containing ALD Pt NPs

Measured C-V characteristics of an unstressed capacitor
are presented in Fig. 5(a). Shown are clockwise curves
measured in the dark and under illumination via a fiber lens.
The characteristics are similar to ones reported in Ref. 8.
Fig. 5(b) shows for comparison C-V characteristics of a
diode which contains no NPs. Sweeping the bias over 5V
yields a small hysteresis window of only 0.4V and 0.6V in
the dark and under illumination, respectively. This slight
hysteresis is due to the presence of uncontrolled bulk or
interface state traps, which are often found in HfO,-based
MIS structures.’® The large difference between the C-V
curves highlights the role of the Pt NPs as charge trapping
nodes in non-volatile memory process independently on the
illumination regime.

Returning to the diode with the Pt NPs, starting from
positive bias, an accumulation layer is formed in the n-type
Si. The electric field is directed from the gate electrode
towards the accumulation layer, and electrons are injected
through the tunneling oxide towards NPs where they are
trapped and charge them negatively. Hole injection from the
NPs is insignificant due to their large barrier height. As the
bias is lowered toward zero, electron flow through the tun-
neling layer and their trapping in the NPs are reduced. A bias
level smaller than the flat band voltage causes a reduction of

J. Appl. Phys. 118, 134504 (2015)

the total capacitance due to a change in the band bending
direction at the boundary; the electric field decreases across
the tunneling oxide thereby lowering the electron tunneling
probability through the oxide layer.

As the bias becomes negative, the depletion layer width
increases forming an inversion Si layer rich with holes. The
electric field is directed now from the inverted layer towards
the gate electrode; the holes from the inversion layer pene-
trate through the tunneling layer and are trapped by the NPs,
while released electrons move in the opposite direction. The
C-V characteristics shift in the negative bias direction due to
the positively charged NPs. As the absolute value of the
applied voltage decreases below of the new flat band voltage
value, the accumulation capacitance increases and effects
due to the inversion are reduced. The resulting hysteresis
loop has a width which is determined by the NP density, the
probability of the tunneling process, and the sweeping
voltage.

Trapped holes or electrons can be stored in the Pt NPs
for a long time due to the three dimensional carrier confine-
ment which is responsible for the large work function differ-
ence between Si (4.05eV) and the Pt nanocrystals
(5.3-6.35eV).?""*? The leftward shift of the C-V characteris-
tics, under dark conditions, is limited (compared to the right
side) by the low minority carrier (holes) density in the

1 FIG. 5. Unstressed single NVM struc-
h ture. (a) Normalized C-V characteris-
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inversion layer. This condition can be changed by an
increased temperature or by illumination. Illumination
enlarges the leftward shift of the C-V characteristics and
therefore increases the net width of the memory window, as
seen in Fig. 5(a).

The electric field causes a separation of photo generated
electron-hole pairs. Those generated in the intrinsic region
tunnel directly to the NPs while carriers generated in the
semiconductor bulk diffuse through the depletion layer to the
inversion layer. The density of photo-generated holes
injected from the inversion layer increases the population of
charged Pt NPs and this widens the hysteresis loop in the
negative bias direction. The resulting flat band voltage
depends on the light intensity and the wavelength. This man-
ifests itself in a symmetric expansion of the hysteresis for
both bias polarities, in contrast to the case of the dark re-
gime. Fig. 5(c) summarizes the dependencies on illumination
of the flat band voltage shift and therefore on memory win-
dow. At the maximum applied voltage, the measured mem-
ory window is about 1.7 times larger under illumination than
in the dark regime.

The total charge density in the Pt NPs for both bias
polarities can be calculated using the standard equation:
Neharge = AVCeonr/qS Where g is the electron charge, Ceonr
is the capacitance of the HfO, blocking layer (with a dielec-
tric constant of 21) and S is the gate electrode area. At a gate
voltages of £5V and a capacitance density C.,,,/S=9.3
x 1077 Fem 2, N¢harge 18 approximately 2 x 10" cm 2 in the
dark and 3.3 x 10" cm~? under an illumination power of
2.3 uW.

The number of the electrons trapped by a single Pt
NP under positive bias can be calculated in accordance
with Ref. 4 using v = d,¢r /AE,, where AE, = qz/Cse;f is the
Coulomb energy gap. Cyur = 2neynd,e 1is the self-
capacitance, &, is the dielectric constant of the tunneling
insulator (&, =3.9), and d,,. is mean size of the NPs. d is
the effective potential well depth equal to the work functions
difference between the Si substrate and the NPs. This differ-
ence takes on the values 1.25eV to 2.3 eV, depending on the
work function of Pt which can vary from 5.3eV to 6.35eV
for bulk Pt.>'?? Ref. 22 showed that for 1.8nm Pt NPs,
the effective work function is 5.95eV, quite close to that of
bulk Pt. Considering the average size of the Pt NPs to be
dye =4.5nm, AE, is roughly 0.16eV. Therefore, the number
of electrons trapped per Pt NP can vary from 8 to 15.
Employing the plan-sphere capacitance model*** yields
AE,=0.131¢V, and therefore, the number of trapped car-
riers per Pt NP is between 10 and 18. Both models assume a
uniform size distribution of the NPs which is not satisfied in
practice (see Fig. 2), and therefore, it is not possible to iden-
tify quantitative differences between the models and both
yield only general trends.

The influence of illumination on the evolution of the
total memory window, measured at two bias levels, 2.5V
and =5V, is described in Fig. 5(d). A significant increase of
the memory window occurs at small illumination levels and
this increase saturates fast, consistent with Refs. 9 and 24.
The bias level determines the nominal memory window but
the general dependence on illumination is bias independent.

J. Appl. Phys. 118, 134504 (2015)

The retention properties of the NVM capacitor are
described in Fig. 5(e) (brown trace). The temporal evolution
of the capacitance, measured in the dark under zero bias and
after being charged at +5V for 2s, exhibits an initial
decrease by 20% during the first 1000 s and starts to saturate
reaching 60% of its initial value after 5000 s.

The initial fast capacitance decay is a result of lateral
charge migration between neighboring NP sites,” which is
enhanced by the fact that the distance between NPs is non
uniform and since the distribution of interfacial defects is
random. A second possible reason of the initial loss of car-
riers are traps which are induced by defects due to compres-
sive strain near the interfaces of the NPs and the dielectric
films between which they are embedded. The possible
formation of a transition interface layer was discussed in
Ref. 26. The slow decay is caused by back tunneling of
trapped charges to the substrate through the thin SiO,
layer.'” Another possible reason for the loss of retention was
suggested in Ref. 27, where a similar insulator stack, but
with embedded Au NPs, was studied. It was established that
poor retention characteristics result from loss of carriers
trapped in the NPs that tunnel through the blocking HfO,
layer to the gate electrode assisted by traps related to the ox-
ygen vacancies. These oxygen vacancies result from the
breaking of Hf-O chemical bonds.?’ Moreover, when the
blocking layer is grown on top of the NPs, the initial atomic
layers of the HfO, covering the NPs grow as a porous rather
than a continuous film*** with a large stoichiometric defi-
ciency of oxygen. This can lead to an additional loss of
trapped carriers.

The parallel shift in the C-V characteristics (without a
“stretch-out” effect) towards the negative voltage side of
structure without Pt NPs (see Fig. 5(b)) in both measurement
regimes indicates the generation of a relatively small amount
of interface traps related of border—states,30 while the hyster-
esis is related to the bulk traps induced by the oxygen
vacancies.

The retention properties can be improved by increasing
the tunneling layer thickness. This is demonstrated in
Fig. 5(e) by the blue and red traces which describe capaci-
tance decay characteristics of NVM capacitors having the
same ALD processed NPs but fabricated on a bulk Si sub-
strate with 3.2nm and 3.6 nm SiO, layers, respectively. For
the 3.2 nm thick oxide layer, the capacitance reduces by 20%
from its initial value after 5000 s, while with a 3.6 nm thick
tunneling oxide, it drops by only 2%—3%. These retention
properties are comparable to those obtained with RTA proc-
essed NPs reported in Refs. 6 and 16.

The erase and write voltages were —5V and 45V for
all the experiments described in Fig. 5 with the erase process
lasting 50s. The few Angstroms difference in the tunneling
oxide thickness is responsible for the retention enhancement;
in that sense, ALD and RTA NPs are very similar. The write
time in the bulk devices is longer than for the SOI case, also
because of the thicker tunneling layer which dictates that
charging of the NPs is via Fowler-Nordheim tunneling while
in the SOI case, charging is by the more efficient direct tun-
neling process through the thinner SiO, layer.
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B. Optically sensitive voltage stressed MIS diodes
containing ALD Pt NPs

The SOI based diodes with the ALD processed NPs
were voltage stressed using a bias of 12V similar to Refs. 1
and 2. The stressed diodes were tested as optically controlled
varactors in a single device configuration and as a back to
back pair of devices.

The C-V characteristics of a single voltage stressed de-
vice, measured in the dark and under illumination for voltage
sweeps in either direction, are shown in Figs. 6(a) and 6(b).
The two C-V curves are mirror images of each other, each
containing an illumination dependent peak, at positive bias,
and a bend which evolves with illumination. The curves ex-
hibit an obvious hysteresis which is smaller than that in the
unstressed NVM capacitor.

Fig. 6(c) shows the voltage sensitivity, Slope = dInC/
dInV, which is the rate of change in the capacitance versus
voltage function within the tuning range. The slope is shown
to be vastly enhanced with illumination and to depend on the
voltage sweep direction.
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The peak capacitance dependence on illumination inten-
sity is shown in Fig. 6(d) for both sweeping voltage direc-
tions. The peak capacitance changes by a factor of 3 between
the dark and an illumination intensity of 2.3 uW for the nega-
tive to positive sweeping direction (where the peak occurs at
+0.6 V), while for the opposite sweep direction, the peak is
at +0.2 'V and increases by a factor of 11. The different ratios
stem from differences in the minimum value of the depletion
capacitance for the negative and positive applied voltages,
respectively, seen in Figs. 6(a) and 6(b), respectively.

The maximum change in capacitance with voltage,*'
Cimax/Cumin, under a constant illumination power of 2.3 yW
was 25 relative to any negative bias below —1.5V, and 5 rel-
ative to a positive bias above +1.5 V. These ratios are inde-
pendent of the voltage sweep direction.

C-V characteristics of similar structures but without the
embedded Pt NPs, which exhibit a hump (near zero bias) and
a peak (at positive voltages) were discussed in Ref. 2.
Changes in the capacitance with frequency and illumination
intensity were attributed to thermal or photo generated
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FIG. 6. Voltage stressed single diode. (a) and (b) C-V characteristics of a varactor measured for two voltage sweep directions in the dark and under illumina-
tion. (c) Slopes of C-V characteristics for two voltage sweep directions in the dark and under illumination. (d) Illumination power dependent peak capacitance
for the two sweeping voltage directions. (e) Peak capacitance dependence on the measurement frequency of the C-V characterization system measured under
illumination for two sweeping voltage directions. The illumination in all experiments was at 365 nm.
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carrier charging and discharging processes, consistent with
Refs. 32-35. Similar dependencies originate also from intrin-
sic or artificial (induced by the voltage stressed process)
traps located at the dielectric-semiconductor interface or
placed inside the dielectric stack and distributed throughout
wide dielectric band gap. In the present devices, there are
additional effects since traps formed by Pt NPs embedded in
the dielectric stack play a major role in modifying the peak
capacitance due to changes in their charge state as they cap-
ture or emit electrons or holes whose generation rate varies
with frequency and illumination intensity. Additionally,
changes in the trapping and de-trapping process of the Pt
NPs due to photo generated carriers shift the peak location
with sweeping voltage directions and therefore causes a hys-
teresis in the C-V curves.

The origin of the capacitance bends, located at bias lev-
els far from zero, are similar to those observed in forward
biased MS-MS or MS-MIS structures,z’z'w‘1 but its behavior
under illumination differs in the present devices.
Additionally, the location of the bend changes here with the
sweeping voltage direction, while in structures without NPs,
it was observed only at positive bias.

The peak capacitance dependence on the measurement
frequency used in the C-V characterization system, under an

J. Appl. Phys. 118, 134504 (2015)

illumination intensity of 2.3 uW, is shown in Fig. 6(e) for
both sweeping directions. Observation of the complete C-V
curves reveals that even at 100 kHz the general shape of the
C-V curves remains unchanged. In the range of 10kHz to
1 MHz, the capacitance changes by a factor of 25 for the
positive to negative sweep direction and by a factor of only
7.2 for the opposite direction. The dissimilar frequency
responses are due to the different depletion region widths
of the device Si layer located under the back and gate elec-
trodes which determines the minority carrier density.
Differences in minority carrier densities generated in the
depletion regions, their ability to follow high frequency sig-
nals, and hence to contribute to the NPs charging processes
all limit the high frequency capacitance values.

A more interesting varactor configuration is based on
two diodes connected back-to-back via the silicon device
layer with their gate electrodes being driven by the double
sweep directed voltages. This configuration was tested with
one diode (number I) under illumination while the second
(number II) is in the dark or with both illuminated simultane-
ously (see Fig. 4). In all cases, the applied voltage polarity
and therefore sweep directions of the C-V curves relates to
diode number II. The characteristics of the back to back con-
figuration are described in Fig. 7.
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—‘J-L
4 I
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3 N N " N L

Applied voltage (V)

-1 0 1 2 3 FIG. 7. Back-to-back connected volt-
age stressed diodes with only diode I

being illuminated at 365 nm. The volt-
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The C-V characteristics measured at 10 kHz and under
various illumination intensities of one diode (diode I) is
shown in Fig. 7(a) for a negative to positive voltage sweep
direction and Fig. 7(b) for the opposite direction. For large
illumination powers, the characteristics differ significantly
from those of the single diode of a similar configuration hav-
ing no Pt NPs reported in Ref. 2. The main difference is the
appearance of two peaks which are separated by a valley.
The separation of these peaks and the peak to valley ratio
depend on the voltage sweep direction. The maximum peak
to valley ratio at an intensity of 2.3 uW was 2.52 when
sweeping from positive to negative voltage and 1.71 in the
opposite direction. On both sides of the peak, the capacitance
drops to similar levels, which are limited by the capacitance
of the depletion regions under the corresponding electrodes.

The peak capacitance dependence on illumination for
the negative to positive sweep direction is shown in Fig.
7(c). The dependence is super linear in the 0.5 to 2.3 uW in-
tensity with the ratio Cyjgpy /Caark, reaching a level of 175 and
250-280 for the two peaks under an illumination of 2.3 uW;
this is almost two orders of magnitude larger than in the sin-
gle device case. When sweeping from positive to negative
voltage, the peak dependence on intensity is also super linear
and the Cjigps/Caari ratio exhibits similar levels.

Fig. 7(d) describes the voltage sensitivity of the C-V
slope in the dark and under illumination at 2.3 uW for both
directions of the voltage sweep. The maximum slopes are 8
(for a negative to positive voltage sweep) and 12 for the op-
posite direction; these values are two times larger than those
for a single device. Finally, we extract from Figs. 7(a) and
7(b) the maximum capacitance change at a given illumina-
tion intensity. For 2.3 uW, Ciax/Cmin takes on the values of
47.5 and 25 for the right peaks I, and II, in Figs. 7(a) and
7(b) and 41 and 26 for the corresponding left peaks I; and
II;. These values are more than two times larger than for a
single device under the same illumination intensity.

C-V characteristics obtained for different measurement
frequencies, in the negative to positive bias direction, are
shown in Fig. 7(e). The double peak nature of the character-
istics holds here for measurement frequencies as high as 100
kHz. The inset in Fig. 7(e) shows the frequency dependence
of each peak of the response.

The C-V characteristics of a pair of back-to-back con-
nected diodes which are illuminated simultaneously through
a large curvature lens are shown in Fig. 8(a). The C-V curves
are symmetric and double peaked for both bias polarity, sim-
ilar to Figs. 7(a) and 7(b), which relate to only one diode
being illuminated. A clear hysteresis is observed also here
when sweeping in the two bias directions.

A somewhat similar behavior of the C-V characteristics
but with a single peak followed by a valley was observed in
a structure with planar double gate electrodes on LaAlO(3)/
SrTiO(3),** where a peak to valley ratio of 1.4 was observed
at a frequency at 5 kHz in the dark regime. Devices with two
parallel quantum wells having tunable concentrations of a
two-dimensional electron gas, obtained by applying a bias
on separate electrodes, were considered theoretically in Ref.
43 and predicted a similar behavior. This concept was real-
ized in a metal-semiconductor-metal structure with
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FIG. 8. C-V characteristics measured for two voltage sweep directions under
constant illumination power for a back-to-back connected voltage stressed
diodes with both diode illuminated using a large curvature lensed LED with
an intensity of 9 uW at a wavelength of 365 nm. The voltage on diode I is
constant and in diode II it is variable.

embedded separate electrodes. A two dimensional hole sys-
tem was illuminated and yielded a light sensitive capacitor.**
This varactor operated well at low frequencies and with a
low product of electron density and inter electrode distance.
Changes in voltage or illumination intensity manipulate the
quantum state of the two dimensional charge system result-
ing in a sharp peak in the C-V curves. The peak occurs at
critical charge densities corresponding to a transition from
metallic (carriers accumulation) to insulating (carriers deple-
tion) states of the two dimensional system. We postulate that
the Pt NP layer in the present devices can also play an analo-
gous role to the two dimensional system as it is charged and
discharged by photo generated carriers.

An additional factor,%*39 discussed in Ref. 2 that may
explain the sharp capacitance reduction near the main peaks
(in either voltage polarity, see Figs. 7 and 8) is due to the se-
ries resistance of the device.>® Under forward bias, the mi-
nority carriers from the electrode are injected into the bulk
Si, where they either recombine or drift toward the reverse
biased back electrode where they are extracted. A reverse
bias initiates a minority carrier drop (sink) in the valence
band edge of the Si, an effect which enhances the ability of
the back contact to extract the minority carriers. This reduces
the resistance, which yields, in turn, the increase of value of
the capacitance peak at forward bias. Illumination enhances
the generation of the minority carrier concentration and sig-
nificantly modifies the resistance and therefore cause the
change in peak capacitance.

The maximum capacitance change Cigt/Caqri Seen in
Fig. 8 is more than 400 at an illumination power of 9 uW,
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where the dark capacitance is about 1.3—1.5 x 107" F, in-
dependent of sweeping voltage directions, too low to be
shown in Fig. 8. The peak to valley ratio is about 10, inde-
pendent of the sweeping voltage direction. This ratio exceeds
by several times that obtained for a device with a planar
metal-semiconductor-metal AlGaAs-GaAs structure that
includes a two dimensional hole system.** The voltage de-
pendent slope characteristics were extracted from the C-V
characteristics and are shown in Fig. 8(b). The slope max-
ima, 20-23, are two times larger than that in a single diode
or in the back to back connected configuration with one
diode illumination.

A different back to back configuration which was also
examined comprised of one stressed and one unstressed
diode. The stressed device was fed with a variable voltage
and only it was illuminated. The C-V characteristics, meas-
ured at 100 KHz, of such a system are shown in Fig. 9.

The counter-clockwise C-V curves relate to the
unstressed, dark, diode. The C-V curves differ significantly
from those obtained in voltage stressed single or back to
back pair of stressed diodes under illumination. The hystere-
sis loop resembles characteristics of a single unstressed de-
vice from the point of view of the non-volatility. The
hysteresis width change with illumination is smaller than in
an unstressed diode, but, at the same time, it exhibits an
increase of the accumulation and depletion capacitances.
This behavior stems from modification of the forward biased
stressed diode under illumination. First, photo generated mi-
nority carriers, injected from the positive biased stressed
diode gate electrode, penetrate the depletion region of the
negatively biased unstressed diode. The carrier drift compo-
nent is much larger here than the diffusion current (due to a
large inter gate electrodes distance 500 um between diodes)
which dominates at low bias.*” These carriers increase the
depletion region capacitance of the unstressed diode since
they enhance the inversion layer population. Second, illumi-
nation modifies the barrier height of the forward biased gate-
insulator stack junction more than in Ref. 1 and consequently
reduces the differential resistance in series with the
unstressed capacitor. Namely, under illumination, alteration
of the series resistance is the reason for the change in the
accumulation capacitance. The depletion and accumulation
capacitances change by factors of 8 and 20, respectively, at

[y
@
o
c
£
]
@
o
S 1x10 =\
v 0037T,W O 2.30,W
o Dark < 0.45uW
Frequency 1x10* Hz
1x10™ : . :
-3 -2 1 0 1 2 3

Applied voltage (V)

FIG. 9. C-V characteristics of the back-to-back connected voltage stressed
and unstressed diodes measured in dark and under illumination at 365 nm.
Only the stressed diode is illuminated, and its gate voltage is variable.
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an illumination intensity of 2.3 uW, and the consequent
accumulation to depletion capacitance ratio changes by a
factor of at least two.

C. Photodetection using voltage stressed MIS diodes
containing ALD Pt NPs

The single stressed diode and the back to back configu-
ration were tested as photodetectors under different operat-
ing conditions. Fig. 10(a) compares the spectral dependence
of the photo detector with that of a similar diode that con-
tains no Pt NP. The spectral response is enhanced due to the
NPs in the spectral range 265-880 nm, consistent with the
increase in the silicon layer absorption measured by ellips-
ometry and shown in Fig. 3. Fig. 10(b) shows the illumina-
tion intensity dependence of the photocurrent for the
detector containing the Pt NPs. The response is very linear.
The I-V curve (not shown here) reveals a reverse biased dark
current of approximately 200 pA.

A back-to-back configuration of the photodetector was
also characterized with the common terminal-diode being
illuminated while the diode whose bias is varied is kept dark.
A measured I-V curve is shown in Fig. 11(a). The dark cur-
rent is only 70 pA, in both bias polarities, thanks to the large
total differential resistance. The symmetry is due to the fact
that one diode is always reversed biased, and this diode
determines the dark and photo current. The photocurrent de-
pendence on illumination power at 365 nm is shown in Fig.
11(b). The detector is very linear, and the responsivity is
0.215 A/W, which is somewhat lower than in the single
diode configuration, but is nevertheless larger than the
responsivity for structure with no Pt NPs.
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FIG. 10. (a) Spectral responses of photodetectors with and without Pt NPs.
(b) Illumination (at 365 nm) dependent photocurrent of a diode containing Pt
NPs. The solid line is a linear fit.
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FIG. 11. Photocurrent response of the back-to-back connected stressed
diodes with only diode I being illuminated at 365 nm. (a) I-V characteristics
in dark and illumination. (b) Photocurrent versus illumination power at a
constant positive voltage. The solid line is a linear fit.

IV. CONCLUSIONS

To conclude, we have demonstrated a series of devices
all based on an MIS structures with embedded Pt NPs fabri-
cated in situ at low temperatures by ALD, with an HfO,
blocking layer on a thermal SiO, tunneling oxide, and all
using a SOI substrate. The devices offer various functional-
ities such as: (i) An optically sensitive non-volatile memory
cell realized by a single unstressed MIS structure; (ii) A lin-
ear photo detector with a responsivity as high as 0.225 A/W
and an external quantum efficiency of 80% (at 365 nm)
based a on a single voltage stressed MIS structure; (iii) A
back-to-back connected voltage stressed MIS configuration
with a very low dark current at both bias polarities; (iv) A
capacitance photo sensor based on a single and a back to
back pair of voltage stressed MIS structures. C-V character-
istics which are independent of the bias sweeping directions
were demonstrated. These varactors exhibit a hysteresis due
to the charging and discharging processes of the Pt NPs.
The maximum light-to-dark capacitance ratio demonstrated
was 200, measured at 10kHz, for the back-to-back con-
nected system. This ratio is more than four times larger
than that reported for a planar metal-semiconductor-metal
AlGaAs-GaAs structure that includes a two dimensional
hole system.** This ratio reduces with frequency, but, even
at 50 KHz, it is at least 10, five times larger than reported in
Ref. 44; (v) A two terminal non-volatile memory system,
including back-to-back stressed and unstressed MOS struc-
tures that also play the role of a photo sensor which alters
the depletion and accumulation capacitance levels when the
stressed diode is illuminated. The various devices we
reported can be fabricated by standard CMOS technology

J. Appl. Phys. 118, 134504 (2015)

and can also be the basis for nonvolatile memory field
effect photo transistors on SOI.

The various functionalities make these devices attractive
for numerous sensing applications ranging from complex
military, biomedical, and environmental areas to imagers in
consumer electronics where the Si-based broadband photo-
detectors and optically variable capacitors with the advan-
tages of CMOS-compatible processing and reduced cost are
highly desirable. The CMOS compatibility is advantageous
over the alternative approaches for ultra-violet sensors based
on expensive high band gap materials such as GaN, AlGaN,
and SiC as it is the only known approach to achieve econ-
omy of scale in mass production.
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