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Hybrid light sensor based on ultrathin Si nanomembranes sensitized with
CdSe/ZnS colloidal nanocrystal quantum dots
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Abstract

We report the observation of a large enhancement of the wavelength-dependent photocurrent in
ultrathin silicon nanomembranes (SiNM) decorated with colloidal CdSe/ZnS nanocrystal
guantum dots (NQDs). Back-gated, field-effect transistor structures based on 75 nm-thick SINMs
are functionalized with self-assembled monolayers (SAMs) preventing surface oxidation and
minimizing the surface defect densities. NQDs are drop cast on the active region of the device
and the photocurrent is measured as a function of the excitation wavelength across the NQD
absorption region. Photocurrent enhancement on the order of several hundred nA’s is observed
for NQD/SAM/SINM devices compared to reference SAM/SINM structures, with the device
peak response closely correlated to the QD absorption peak. We propose light-induced gating of
the surface electrostatic potential and forward self-biasing of the FET channel as the two key
mechanisms leading to the large photocurrent increase. Our findings open the possibility of

employing silicon-nanocrystal hybrid structures for light sensing applications.

* Current address: Center for Integrated Nanotechnologies, Los Alamos National Laboratory, Los

Alamos, NM, 87545
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Hybrid nanostructured materials have attracted significant attention for their potential in
the development of a new generation of optoelectronic devices including light sensors and
photovoltaic devices. Low cost, high-sensitivity photodetectors with wide spectral response also
have important applications in remote sensing, biomedical detection and imaging. Since their
introduction in the past several decades, colloidal semiconductor nanocrystal quantum dots
(NQDs) have offered an attractive potential for enhancing photon detection capabilities due to
their bandgap tunability and ease of manufacture and processing. Highly sensitive photodetectors
based on colloidal NQD solids exhibiting carrier mobilities in the range 10° -10% cm? V* s and

photoconductive gains in the range 10-100 have been reported.*

Photoconductive detectors based on solution processable light absorbers such as colloidal
NQDs or dye sensitizers mostly rely on exciton dissociation within the bulk heterojunction or at
the interfaces between the layers and subsequent charge transport through the entire film
thickness. As the result, their performance is often limited, stemming from the insufficient
charge carrier mobility and the deleterious effects of interface states known to trap carriers.?
Alternatively, several publications have reported the use of colloidal NQDs as a light activated
gate for thin-film field effect transistors made from epitaxially grown GaAs/AlGaAs
structures.>* For these devices, the charge transport takes place within the underlying
semiconductors with much higher electron and hole mobility. Recently, an emerging class of
atomically thin materials, such as transition metal dichalcogenide (TMDC) materials (most

notably MoS,), have shown promise in the development of the high gain photodetectors.”

Here, we present light sensing hybrid device based on a back-gated, ultrathin (75 nm) Si
nanomembrane (SiNM) field effect transistor (FET) sensitized with CdSe/ZnS colloidal NQDs,

as schematically shown in Fig 1(a). A self-assembled monolayer (SAM) is used to passivate the
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678 that are known to

SiNM surface and reduce the number of interface trapping centers
adversely affect FET performances. CdSe/ZnS NQDs are then drop-cast on the surface of the
SAM/SINM device with a 20um x 20um active region and shown to form a thin (<100 nm) film
of NQDs with the majority accumulating in trenches that appear unintentionally during HF
etching at the doped/undoped junction in the vicinity of the source and drain contacts. When
illuminated with a laser, a large current is observed with a magnitude that is several hundred
nA’s in the NQD/SAM/SINM device compared to ~nA’s for the SAM/SINM FET (no NQD
deposition) reference structure. The photocurrent enhancement observed as a function of the
excitation wavelength follows the optical absorption profile of the deposited NQDs, suggesting
that the photocurrent is nanocrystal-related. The observed photoresponse of NQD/SAM/SINM

FET devices (peak value of ~0.1 A/W) vs. the reference SAM/SINM FET device exhibit high

gain values up to 300.

Back-gated field-effect transistors are fabricated on silicon-on-insulator (SOI) substrates
(p-type, nominal doping 10" cm™, 3 um buried oxide, purchased from Soitec). The device
schematic is shown in Fig. 1(a) and a microscopic image of the channel region after the
completion of device fabrication is shown in Fig. 1(b). The thickness of the Si layer is reduced
from 300 nm down to ~75 nm using repeated oxidation and oxide removal with HF. The
undoped channel in the SINM region is a 20 um x 20 um square and the adjacent regions are
doped with Boron via ion implantation (doping ~ 1x10%° ¢cm™) to achieve good ohmic contact.
The doped and undoped regions have a visible color contrast and can be easily distinguished in
the optical images. Metal Cr/Au contacts are then deposited using e-beam evaporation with metal
lift-off processes as seen in Fig. 1(b). The Cr/Au metal stack is chosen as it is compatible with

the wet chemistry processing necessary for SAM functionalization. The Si membrane surface is
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then terminated with ester groups according to a previously established method.’ The SAM/Si
interface is known to have a very low interface defect density (~ 10** cm?eV™) "® leading to an
extremely slow surface recombination velocity (~20 cm/s)."® More importantly, the versatile
functionality of SAM fosters controlled deposition of NQDs in uniform 2D layers and can be
further extended to 3D multilayers." Although, in our current study the SAM layer serves
mainly as the surface passivating layer and controlled spacer, we proceed with this hybrid

structure for further exploitation of the unique SAM/NQD system.

In the course of this surface investigation of the SAM functionalized devices, we have
found that groves are unintentionally etched at each end of the channel as seen Fig. 1(c). The
grooves only form in the presence of gold during HF etching step via metal assisted chemical
etching (MACE).* However, this step is required to prepare a hydrogen terminated Si surface
for the hydrosilylation reaction. AFM profiles (Fig. 1(d)) reveal that the groves form in the
undoped region at the doped/undoped boundary as confirmed by the fact that the inter-groove
distance is exactly 20 um corresponding to the width of the active region. Each grove is ~ 2 um
wide (the width varies depending on the etching time and HF concentration) and is characterized
by a depth that can in some cases be as large as the thickness of the Si nanomembrane (~ 75nm)
but typically ~0.6-0.7 of that depth. CdSe/ZnS NQDs (Life Technologies, P/N Q21711MP and
Q21701MP, peak emissions at 585 nm (NQD-585) and 605 nm (NQD-605), respectively, 4 uM
stock solutions) are drop-cast from a 9:1 hexane:octane solution onto the functionalized SINM
surface and have a tendency to accumulate inside the grooves. We observed a closely packed and
nearly continuous NQDs film (several monolayers thick) formed at the membrane surface with
higher NQD concentrations within the grooves as confirmed by SEM imaging and EDAX

profiling shown in Suppl. Info Fig S1. For the excitation wavelength-resolved photocurrent
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measurements, a white-light supercontinuum emission is employed (NewPort SCG-800 Photonic
Crystal Fiber) in a manner similar to the one described in Ref [13]. A narrow spectral bandwidth
is selected with a bandpass filter (~10 nm), set to a low optical power ensuring the NQDs are
excited in the linear optical response regime. The laser beam is then focused with a low
magnification objective onto the device active region that is kept under vacuum (base pressure ~
10 -107 Torr) in a cryostat. The laser spot profile is Gaussian with a 25 - 30 um diameter,
illuminating the entire channel region. The photocurrent is recorded using an HP4155

semiconductor parameter analyzer.

Fig. 2 (a) shows the typical behavior of the source-drain current Iy as a function of the
gate voltage Vj for the reference SINM FET device both in the dark and under laser illumination.
A constant drain voltage Vgs = 10 V is applied to the drain contact and the source contact remains
grounded during the entire measurement. The device performance under dark conditions exhibits
a characteristic FET behavior: a conductive channel is formed under large negative gate bias and
an insignificant off current (<100 pA) is observed through the channel as Vj is increased above
zero gate voltage. A large gate voltage sweep (-50V<Vy<50V) is necessary to modulate the
device between “ON” and “OFF” behavior as a consequence of the thick (3um) buried oxide in
the SOI structure. Although the channel is p-doped, it has been shown that the bulk doping level

is irrelevant for thin Si nanomembranes!**®

as the interface-states effects prevail. The
subthreshold slope extracted from the dark current is 2 — 6 V/decade for the reference devices,
corresponding to an interface trap density Dy ~ (2 — 7)x10™ cm?eV™’. This number is in good
agreement with the previous studies on the defect characterization of the SAM/Si interfaces

using conductance voltage measurements. "*® It needs to be kept in mind, however, that the Dj; at

the buried oxide interface also contributes to the device subthreshold swing for these devices.'
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The low observed D;i; confirms the effective passivation of both surfaces by forming gas
annealing of the buried oxide interface (performed before Cr/Au deposition) and SAM

passivation of the top surface.

Upon illumination, the 13-Vy curve exhibits a prominent change in the dark current “OFF”
regime. The region between Vy = 0 and 10 V shows a slowly varying photocurrent response as a
function of gate voltage. At the beginning of this region, defined as the transition point, the
current linearly increases with the excitation power (see inset of Fig. 2(a)) and the intercept
passes close to zero, indicating that it is dominated by the photocurrent (i.e. results from
photoexcitation). This property provides a reference point for the direct comparison of device

behavior before and after NQD deposition.

Fig. 2 displays the 14-Vg curves as a function of the excitation wavelength for the SAM-
passivated devices (SAM/Si are shown in Fig 2(b) and those of the same device coated with a
NQD-585 layer (NQD/SAM/SI) are given in Fig. 2(c)) for an optical power of 20 uW at each
wavelength. Similar to Fig. 2(a), a fairly flat photocurrent region is observed in both graphs,
although the absolute dependence of the photocurrent differs from that in Fig. 2(a). After the
deposition of QDs, a clear change in wavelength-dependent photoresponse indicated by Iy is
observed while the dark current behavior remains largely unchanged. However, 14 does not show
a constant response in the photocurrent dominant region and gradually decreases as Vg increases
(i.e. goes to higher positive values). In general, the magnitude of the photocurrent depends on
several factors, particularly carrier mobility and lifetime. Both factors are a complex function of
the gate voltage since interface scattering at the device surface plays an important role in the
carrier transport and surface recombination dominates the bulk recombination in these ultra-thin

Si films with a low doping level. It is clear from Figure 2 that the Vq variation is crucial in

Page 6 of 18



Page 7 of 18

Nanoscale

determining the transition point as the transition point shifts by more than 20 V after NQD
deposition. Among all the devices measured, a shift of the device dark response, up to = 25V,
has been observed after the NQD deposition. This voltage shift of the device dark current is
similar to the threshold voltage shift observed in chemical sensors when charged molecules are
absorbed onto the sensor surface, suggesting that this shift originates from changes in local

electrostatic environment at the device surface.®

A detailed understanding of 14-Vy behavior in surface-functionalized thin SOl FET
structures requires a 2D simulation (electrical field distribution both vertically and
longitudinally) incorporating parameters that describe both surface scattering and surface
recombination, and is currently under investigation. However, the transition point conveniently
defines the beginning of the flat region in the photocurrent response and therefore is used as the
reference for comparison of photocurrent values at different wavelengths and optical powers.
Hence, the control of the back gate voltage becomes essential in order to locate the transition
point accurately. The photocurrent at the transition point is plotted in Fig. 3 as a function of the
excitation wavelength for the NQD/SAM/SINM devices. For the SAM/SINM devices before
sensitization with NQDs, the photocurrent level is below 30 nA for all the devices measured
(Supporting Information, Fig. S2). Fig. 3 (a) shows photocurrent for NQD-585/SAM/SiNM
device with data extracted from Fig. 2 (c), and Fig. 3 (b) shows the data for NQD-
605/SAM/SINM device (original source-drain l4-Vy current graphs are similar and not shown).
The photocurrents increase 1 -2 orders of magnitude as compared to the reference SAM/SINM
structures and have a clear wavelength dependence, peaking close to the absorption maxima of
each type of NQDs. The distinct peak position for the two types of NQDs is a clear proof of the

NQD-related origin of the photocurrent.
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In order to understand the photocurrent enhancement we considered two mechanisms:
i) change in the electrostatic potential of the channel surface and ii) forward biasing of the
junction by the minority carriers that leads to the current gain and amplification facilitated by the
trench geometry. For the first mechanism, the number of photoexcited excitons produced in both
the NQD layer and the Si nanomembrane are estimated and compared with the observed values
of the photocurrent. The silicon absorption monotonically varies in the region between 500-700
nm as seen in Supp. Info, Fig. S2. Considering a SINM with thickness of t=75 nm, the direct Si
absorption is estimated to be 11- 12% over the wavelength region. Assuming 100% charge
collection efficiency within the entire SINM active region, one would obtain photocurrents on
the order of 200-800 nA in bare SAM/SINM structures. While the photocurrent in all of the
SAM/SINM devices follows the Si absorption curve (Supp. Info, Fig. S2), the maximum
observed values are only ~30 nA indicating lower collection efficiency within the undoped Si
NM itself. The drain-voltage dependence (Suppl. Info, Fig. S3) exhibits a small current change
with the increasing drain voltage when Vy is larger than several volts. This suggests that the
observed photocurrent is likely to have a large diffusion component instead of being dominated
by drift current. Therefore, a relevant factor here is the minority carrier diffusion length Lp,
which determines how far electrons and holes can travel without recombination. Surface
recombination significantly reduces the carrier life time for our thin SiNMs. The bulk carrier
lifetime # of Si is around 10-100 ps‘’ for a doping level of 10 cm™. With surface
recombination velocity of 100 cm/s'® for Dj; on the order of 10 ~ 10 cm@eV?, the carrier
lifetime is reduced to approximately 0.04 ups. Consequently, the minority carrier diffusion length
is estimated to be less than 5 um, much smaller than the channel length (20 um). As the result,

the photoexcited carriers are only collected in the regions close to contacts. For p-i-n devices
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based on SiNMs of the same thickness (Supp. Info, Fig. S4), we observed the minority carrier

diffusion length Lp to be less than 4 um.

Under such conditions, only the contribution from NQDs that accumulate in the trenches
or close to the contact regions (Fig. 1 (c, d)) can influence the photocurrent either via charge
(CT) or energy (ET) transfer of photoexcited carriers from NQDs to SINM. However, due to the
relatively small absolute amount of NQDs within the trenches (since their depth is only ~50 nm
and width ~2 pum), the NQDs direct contribution to the photocurrent is expected to be fairly
small. Indeed, microPL spectra taken in the vicinity of trenches (with probing spot diameter <1
um) show average PL counts correspond to ~10’s of NQDs layers when compared with
previously measured PL intensity level from a single NQD monolayer grafted on bare Si.*® The
linear absorption coefficient of NQD films has been estimated to be in the range of (1-2)x10* cm’
! at 550 nm, which is comparable to the Si absorption at this wavelength. Thus, 10 ~ 15
monolayers of NQDs, which are approximately 50 ~ 75 nm thick, absorb approximately the
same amount of photon energy as the SiNMs. Even if all of the photoexcited carriers generated
within the NQD film inside 2um-deep trenches were directly transferred to the SINM without
any loss, either via charge or energy transfer, the additional photocurrent would likely only be <

40 nA - a level comparable to bare SAM/SINM devices.

At this point, we are not able to accurately determine the individual contributions of
charge (CT) and energy (ET) transfer mechanisms to the entire carrier transport. In NQDs with
strong surface trapping, excitons indeed dissociate at the surface, thus producing separated
electrons and holes, and providing mobile charge carriers. However, since the NQD film

structure has not been optimized, the carrier diffusion length will likely not exceed ~10-20 nm
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because of the insulating organic ligands between neighboring NQDs and thus only layers
immediately adjacent to the SiINM surface may add to the photocurrent due to CT. On the other
hand, we have recently shown that non-radiative (NRET) and radiative (RET) energy transfer
mechanisms are able to electromagnetically couple photoexcited excitons across the interface
into Si substrate with efficiencies close to 90 % for NQD mono- and bilayers.'*?%?:2? still, this
mechanism cannot directly account for the observed levels of photocurrent in NQD/SAM/Si

devices due to the limited absorption in the NQDs as discussed previously.

The existence of trenches at the border of doped/undoped region of SiNM is an important
factor in the performance of the devices. SINMs terminated with native oxide layer (~ 2 nm)
instead of SAM had no such trenches due to the absence of HF etching. The performance of
these devices (Suppl. Info, Fig. S5) is reproducible with little variation across several devices
and the photocurrent levels are on the order of 10 nA under 512 nm laser illumination across the
range of similar Vg values. Further, when NQDs are added onto the surface of oxide-terminated
Si NMs, the photocurrent remains essentially unchanged (within approx. 30% device-to-device
variation). However, when trenches were intentionally formed at the border of the
doped/undoped regions of oxide-terminated SiNMs, a photocurrent increase was observed upon
the addition of NQDs (Suppl. Info, Fig. S6). In that case, the current enhancement was smaller as
a result of the limited precision of lithographic patterning, with the location of trenches 350 nm

into the doped region.

According to the recently published work,®* NQDs were placed on SAM-passivated
GaAs surfaces and observed to act as a light-activated gate via the change in the electrochemical
potential following the light absorption. This suggests that, upon photoexcitation, charge transfer

may occur within the NQD layer leading to an accumulation of charges in the organic ligands
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that passivate NQDs. This leads to a change in the electrostatic potential between the NQD
layers and the semiconductor transistor conducting channel. Hence, the FET works as an
amplifier and the change in the channel current can be much larger than the number of
photoexcited excitons in the NQDs.. A similar principle had previously been applied in chemical
sensing devices.”® This should be contrasted with a more conventional, light absorption/charge
transfer-based photocurrent sensing modality more common with colloidal nanocrystals.?* In our
devices, NQDs located in the trenches are in a direct contact with the FET short conductive
channels, further affecting the electrostatic potential. This point of view is corroborated by the
noticeable shift of the I4—Vy curves and the corresponding transition points upon NQD’s addition,

as previously shown in Fig. 2 (b) and (c).

The second mechanism that can explain the observed increase in the FET photocurrent is
forward self-biasing and current amplification under illumination in short channel SOI-FET
structures.”® When the channel is depleted (e.g., at the transition point), there exists large band
bending at both the source and the drain junctions as schematically shown in Fig. 3(c). Upon
illumination, photoexcited NQD excitons can be non-radiatively and radiatively transferred to an
adjacent Si channel in the vicinity of the junctions. The band bending near the source side favors
hole collection while electrons remain in the channel as the band bending at the drain side is in
the opposite direction to electron diffusion. Electrons accumulating in the channel self-bias
forward the drain junction and lead to a reduction in the barrier height at the drain side which is
observed as an increase in electron diffusion from the channel to the drain contact. Meanwhile,
this self-biasing effect generates a larger hole diffusion current from the drain contact to the
channel due to the higher doping level of the drain. This facilitates a large hole-dominated gain

(G) and amplification of the total photocurrent. For instance, Yamamoto et al.”®*® have shown
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very sensitive SOI photodetectors with gain factors ranging from G~1 to G~50 for SOI FETs
with channel length varying from 20 to 1 um (channel thickness 170 nm). In this case, those
devices were on bare SiNM, without application of any photosensitizers, and with light
absorption taking place in SINM alone. However, their findings support our observation that
trenches play an important part in the amplification process by forming short channel regions
(trench width ~2 pm) that are within the diffusion length Lp < 4 um for efficient charge
collection. NQDs that accumulate inside the trenches play dominant role in the current
amplification as compared to the ones on the flat region of the device due to more efficient
CT/ET of the photoexcited excitons in the junction regions. This may explain the amplification
levels shown for the device in Fig. 3 (a) with gain values Gsgs ~275. The observed current levels
up to 200 nA at the peak NQD absorption wavelength greatly exceed those found in the bare
SiNMs structures under similar excitation conditions.”> The wavelength-dependent
photoresponse of the NQD/SAM/SINM devices taking into account the illuminated area of the
trenches (length 15 pum, width ~2 pum) is approximately 0.04 - 0.1 A/W in the region between
700-500 nm, as shown on right scale of Fig. 3 (a) and (b). These values are comparable to the
performance of the commercial photodetectors (~0.5-0.7 A/W) despite very thin SiNM and
extremely small amount of photosensitizer NQDs employed on the substrate. Further
improvement in photoresponse can possibly be obtained by employing optically dense,
multilayer NQD films assembled on Si nanowire geometries® that are several microns long with
gradient size distribution for efficient directed energy transfer'’ towards the conducting
nanowires. The use of Si nanowire geometry will help to separate optical and electrical pathways
— absorption of the incoming sunlight occurs in the vertical direction, while ET will

preferentially happen in the horizontal plane. Nanowire structures can be fabricated to be thin
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(down to 50 nm diameter) and closely spaced (center to center spacing ~ 150 nm), thus allowing
dense NQD packing and proximity to Si. Such Si nanoscaffolds can certainly be used with other

types of photosensitizers, including infrared active NQDs with absorption close to 1 um.

In summary, we have prepared back-gated Si-nanomembrane FET devices functionalized
with SAM and deposited thin layers of CdSe/ZnS nanocrystals by drop-coating. We observe a
large photocurrent increase of several hundred nAs in NQD/SAM/SINM compared to ~nAs
levels in reference SAM/SINM structures without NQDs. The observed photocurrent has a clear
excitation-wavelength dependence that follows the NQD absorption profile, thus confirming its
NQD-related origin. We observe that the presence of unintentional trenches at the border of the
doped/undoped regions of the SINM during the substrate preparation plays a crucial role in the
photocurrent amplification. We propose two possible mechanisms to explain the observed large
photocurrent increase: i) change in the electrostatic potential of the channel surface and ii)
forward biasing of the junction by the minority carriers that leads to the current gain and
amplification facilitated by the trench geometry. The observed photocurrent gain values
approach 0.1 A/W at the peak wavelength, comparable to the performance of the commercial
bulk Si photodetectors despite the ultrathin Si nanomembrane thickness. These proof-of-concept
results are very encouraging for the further development of the sensitive and versatile
photodetectors by incorporating easily processable semiconductor NQDs with wide spectral

response to the existing commercial Si technology.

This work was supported by the U.S. Department of Energy, Office of Science, Basic Energy
Sciences, under Award # DE-SC0010697. The subtask of development by WP of the electrical

measurement technique and associated cells was supported by NSF (CHE-1300180).
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FIG. 1 (a) Schematic cross-section view of the FET device used for photocurrent measurements.
The device is fabricated on SOI substrates (70 nm Si and 3 um buried oxide (BOX)). Both
source and drain contacts are highly doped with Boron (~ 10%° cm™) and metalized with 10 nm
Cr/90 nm Au. The same metal combination is used to make the back side contact. (b) Optical
microscopic image of the channel region before hydrosilyation. The channel is 20 um long and
20 um wide. The doped and the undoped region can be distinguished by the color difference.
The red circle indicates the position and the size of the laser excitation, which covers the entire
active region. (c) An optical microscopic image of the device after SAM functionalization. Two
etching groves at the doped/undoped boundary are visible. The scale bar is 10 um. (d) AFM
image of the center of the device (7 um x 30 um) and height profile along the dashed line.
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FIG. 2 (a) Photocurrent as a function of the back gate voltage for the bare Si device at different
optical excitation powers. Excitation wavelength 512 nm. Inset: photocurrent at the transition
point as a function of the optical power. Photocurrents as a function of the back gate voltage for
different excitation wavelengths (b) for a SAM/SINM device and (c) for a NQD/SAM/SINM
device. The device dark current behavior is shown for comparison in each panel. The transition
point at the beginning of the photocurrent dominant region (indicated by the arrows) is used to
examine the effects when NQDs are added to the system.
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FIG. 3 (a) Red trace - photocurrent as a function of the excitation wavelength in NQD-
585/SAM/SINM device. Blue trace — photocurrent in SAM/SINM only device before deposition
of NQDs. Error bars indicate variations from several consecutive measurements. Lines
connecting experimental data points (red and blue) are guides for the eye only. Green curve —
absorption of the NQD-585 10 monolayer sample on glass substrate (b) Same measurements for
the photocurrent in NQD-605/SAM/SiINM sample (red), in SAM/SINM only sample (blue) and
absorption of NQD-605 in solution (green). (c) Band diagram of the FET device in the dark
current “OFF” region. The device manifests a self-biasing effect, leading to current

amplification. The red region indicated the minority carrier diffusion length (2 ~ 4 pum for thin
SiNMs).
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