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ABSTRACT: We investigate the role of quantum confine-
ment on the performance of gas sensors based on two-
dimensional InAs membranes. Pd-decorated InAs membranes
configured as H, sensors are shown to exhibit strong thickness
dependence, with ~100X enhancement in the sensor response
as the thickness is reduced from 48 to 8 nm. Through detailed
experiments and modeling, the thickness scaling trend is
attributed to the quantization of electrons which favorably
alters both the position and the transport properties of charge
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carriers; thus making them more susceptible to surface phenomena.

1. INTRODUCTION

Nanoscale size effects drastically tailor the fundamental physical
and chemical behavior of materials; thereby, enabling a wide
range of new devices with highly intriguing properties. For
instance, nanomaterials have been widely investigated for high
performance chemical and biological sensors with higher
sensitivity and lower detection limits as compared to their
bulk material counterparts.'~® Several studies have been made
to better understand the various size effects in sensor
response.” '® In general, enhanced sensor response in
nanomaterial-based gas sensors is attributed to the high
surface-to-volume ratio. It was also reported that sensor
response is sharply increased as the size of the materials
approaches its Debye length. Here, through detailed experi-
ments and simulations, we explore for the first time the drastic
role of carrier quantum confinement on the performance of
chemical sensors based on two-dimensional (2-D) semi-
conductors. The results serve as a general guideline for
exploring a novel class of highly sensitive sensors that utilize
structural quantization of carriers for improved performance.

2. EXPERIMENTAL SECTION

In this study, InAs membranes with nanoscale-thicknesses (8—
48 nm) are used as a model material system. Because of the
large Bohr radius of bulk InAs (~34 nm), heavy quantum
confinement of electrons is readily observed for sub-20 nm
thick membranes.'” This is in distinct contrast to Si-based
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devices where the Bohr radius is ~3 nm, and structural
confinement can only be observed for an order of magnitude
smaller dimensions as compared to InAs. For instance, our
recent experimental studies have shown that ~8 nm thick InAs
quantum membranes (QMs) exhibit 2-D subbands spacing of
>300 meV, with the electrons populating only one subband at
room temperature for relatively moderate carrier concen-
trations.'” Thereby, sensor response can be systematically
studied as a function of InAs thickness in order to shed light on
the quantum confinement effects.

InAs QMs were configured into H, sensors by functionaliz-
ing the top surface of the QMs with Pd nanoparticles (NPs).
Upon exposure to molecular hydrogen, the work function of Pd
is reduced,"® ™ resulting in the perturbation of electron
transport in the InAs QMs. The sensors are reversible with the
devices fully recovering their initial electrical characteristics
upon the removal of H,. Our results show that InAs thickness
scaling on sensor performance serves two roles. First,
electrostatic control of carrier concentrations by Pd-function-
alized surface reaction with H, is enhanced with thickness
scaling, mainly due to the reduced density of states (DOS) for
2-D semiconductors. Second and more importantly, quantiza-
tion effects significantly alter the electron transport properties
of the devices with the charge centroid moving closer to the top
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surface of the device. This results in enhanced surface scattering
rates of electrons in quantum confined membranes, thus
making them more susceptible to surface phenomena.

3. RESULTS AND DISCUSSION

Figure 1(a) demonstrates the cross-sectional schematic of InAs
QM gas sensors. Different thicknesses of InAs QMs (single
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Figure 1. Palladium-decorated InAs QM hydrogen gas sensors. (a)
Schematic representation of an InAs QM device used for the sensing
studies. (b) AFM images of transferred InAs QMs on Si/SiO,
substrates prior to Pd deposition, with Ty, = 8, 18, 48 nm from
top to bottom. (c) and (d) Cross-sectional TEM images of a 8 nm-
thick InAs QM decorated with Pd nanoparticles.

crystalline) were transferred onto p*Si/SiO, (50 nm thick,
thermally grown) substrates using an epitaxial layer transfer
technique previously reported.*' Figure 1(b) shows atomic
force microscopy (AFM) images of the transferred InAs QMs
having three different thicknesses of Ty, = 8, 18, and 48 nm
(from top to bottom), where the native oxide thickness is ~2
nm, confirmed by transmission electron microscopy (TEM).*!
The source (S) and drain (D) contacts were photolitho-
graphically defined, followed by Ti (5 nm)/ Au (40 nm)
electron-beam evaporation. The heavily doped Si substrate is
used as the global back-gate with a 50 nm thick SiO, as the gate
dielectric. The fabricated devices have a channel length of ~2.5
um and width of ~360 nm. The Pd evaporation (~2 nm
thickness) on the exposed InAs surface finalized the sensor
fabrication. The electrical characteristics change after Pd
functionalization is shown in Figure S1 of the Supporting
Information, SI. Figure 1(c),(d) shows the TEM micrograph of
a Pd-coated InAs QM (thickness, 8 nm). The evaporated Pd is
aggregated into NPs with an average diameter of ~10 nm
(Figure S2 of the SI).

Figure 2(a)—(c) shows the 13—V, characteristics of the Pd-
coated QM devices with T}, = 8, 18, 48 nm, measured before
and after exposure to 0.5% H, (diluted in dry air). We note that
the devices were exposed to H, for 10 min, which is sufficient
time to reach the saturation levels of the gas sensor responses
(i, equilibrium state). The conductance change upon H,
exposure is due to a combination of (i) threshold voltage
change (AV,) and (ii) field-effect mobility change (Apugg) as
evident from the change in the slope (ie., transconductance).
Both effects are caused by the lowering of the Pd nanoparticle
work function upon H, exposure, as illustrated in Figure 3(a).
Namely, the carrier concentration (n) in InAs QMs is
modulated upon the change of Pd nanoparticle work function,
resulting in the observed AV,. In addition, randomly deposited
Pd particles and their potential fluctuations in H, cause uneven
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Figure 2. H, sensing response of InAs QM devices. Transfer
characteristics of Pd-decorated QM devices with Tj 4, of (a) 8, (b)
18, and (c) 48 nm, measured before (black solid lines) and after (red
solid lines) exposure to 0.5% H,. A S/D bias of V4, = SO mV was used
for all measurements. Note that in (a), current plot for before H,
exposure (i.e., measurement in dry air) was multiplied by 10 for clarity.

electric potentials which influence the electron transport in
InAs QMs by altering the scattering rates and thereby mobility.
By lowering the work function of Pd NPs, the barrier height for
the scattering events is reduced, resulting in increased pigg.
Clearly, the electrical characteristics of thinner QM devices
are more dramatically affected by H, exposure (Figure 2).
Figure 3(b) shows the sensor responses plotted as a function of
Ty calculated at Vi, that the highest sensor response could be
obtained in each device. Here, the sensor response is defined as
AG/G,, where G, is the initial conductance in ambient air and
AG is the change of the conductance after H, exposure. The
observed AG/G, is ~100X higher for Ty, = 8 nm device as
compared to the 48-nm thick device (Figure 3b). We note that
the sensors are fully reversible, showing consistent response
through multiple cycles of gas exposure (Figures S3 and S4 of
the SI). Figure 3(c) summarizes Augg and AV, for different
InAs QM thicknesses. Two observations are apparent from the
data. First, AV, gradually increases with thickness miniatur-
ization. Specifically, AV, of ~1.75 and 2.5 V are observed for
Tras = 48 and 8 nm devices, respectively. This result indicates

dx.doi.org/10.1021/jp300446z | J. Phys. Chem. C 2012, 116, 9750—-9754



The Journal of Physical Chemistry C

H,
threshold voltage
mobility AD (H,)
e— —>— A TNy

b T
100 * |
(DO
o
0) :
< 10} . |
"m
1 1 1 1 1 1
8 18 48
InAs thickness (nm)
c 500 LL LA A B B BN BN BN B B 3
» T Apg
g 400} .- AV,
5 ®- ...
~> 300} Vo T 12
Y . -’
5 200 g“
wetlr 2
3. % _ 1
<1 100}
‘. ---------
(0] S -
1 1 PR B | 1 [ ] [ 0
8 18 48

InAs thickness (nm)

Figure 3. QM thickness effects on sensor properties. (a) Schematic
representation of the sensing mechanism, showing the modulation of
surface potential and surface electron scattering rates induced by the
work function change of Pd NPs upon H, exposure. (b) Sensor
response to 0.5% H, as a function of InAs QM thickness at Vi, =0V
and Vg = 50 mV. Two orders of magnitude higher sensor response is
observed in the 8-nm thick InAs device as compared to the 48-nm
thick device. (c) Mobility change (left axis) and threshold voltage shift
(right axis) upon exposure to H, for different InAs thicknesses.

that an enhanced electrostatic control of the InAs channel by
Pd particles is achieved in the thinner QMs. Second, the
electron mobility change upon H, exposure exhibits strong
thickness dependence with Apgg of ~400 and 0 cm?*V~'s™! for
Tras= 8 and 48 nm devices, respectively. This observation
reveals that electron transport in ultrathin QMs is strongly
affected by surface effects, which is consistent with the previous
reports of the enhanced surface scattering rates in thinner QMs.

Numerical simulation methods were employed to further
investigate the effects of InAs QM thickness on the sensor
response. Electrostatic potential and carrier concentration
across the different InAs thicknesses were obtained by using
a self-consistent Poisson-Schrédinger solver.”” The effect of Pd
and H, are modeled by changing the boundary conditions as
explained in the SI. Figure 4 summarizes the simulation results
of two different InAs thicknesses, 8 and 48 nm. Figure 4(a),(b)
shows the calculated energy band diagrams of each thickness
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Figure 4. Quantum simulation of InAs QM sensors. (a),(b) The
calculated band diagrams of InAs QMs with 8 and 48 nm thickness,
respectively for both before and after H, exposure. The population
percentage for each sub-band is also labeled. (c),(d) The calculated
carrier density profiles (left axis) and perturbation potential (right
axis) for QMs with 8 and 48 nm thickness, respectively. For the carrier
density profiles, both before (black lines) and after (red lines) H,
exposure are shown. (e),(f) Simulated current (au.) versus gate
voltage characteristics for 8- and 48-nm thick devices, respectively. The
red (black) lines represent the device characteristics after (before) H,
exposure. The simulation results are consistent with the experimental
characteristics of Figure 2.

before/after H, exposure. It should be noted that only one
subband is being populated in the 8 nm-thick InAs, while the
number of populated subbands in the 48 nm-thick InAs
depends on the H, content (i.e., surface potential). Figure 4(c),
(d) demonstrates the carrier concentration profiles along the
depth of each InAs QM before (black solid lines) and after (red
solid lines) H, exposure. Due to strong structural quantization
in the 8-nm thick InAs, the charge centroid is located close to
the center of the channel thickness. However, in the 48-nm
thick InAs, the charge centroid is located close to the InAs/
SiO, bottom interface (i.e., close to the back-gate). Specifically,
the charge centroids are ~5 and ~44 nm away from the top
surface for Ty, = 8 and 48 nm, respectively. Thus, the carrier
concentration modulation due to the change of top surface
potential is more effective for the 8-nm thick InAs. As a result,
larger AV, upon H, exposure is achieved in the 8-nm thick InAs
devices as compared to thicker QMs, consistent with the
experimental results (Figure 4(e)—(f), Figure S5 of the SI).
The random distribution of the Pd particles on the InAs
surface also perturbs the potential inside the InAs body and
hence increases the electron scattering, especially near the top
surface of the InAs. To investigate this scattering event, we
employed a model similar to the surface roughness scattering
model.”® In our model, the perturbation potential change is

defined as A®, = |®, — ®,|, where @, and @, are the potential
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across the depth of the InAs with and without H, exposure,
respectively. Thus, A®, behaves as a sensing potential, which
quantifies how the potential perturbation on the top InAs
surface caused by H, exposure extends across the InAs body.
On the basis of extracted A®, values, we compute the
potential-disorder-scattering (PDS) mobility, yppg (see SI for
the details). The PDS mobility is then employed to gauge the
scattering induced electrical characteristics changes. Thus, the
total mobility () is simplified as y & pippg. Using this value, the
I4 can be qualitatively estimated as I & ny, where n is the total
charge density in the channel, obtained by using a self-
consistent Poisson-Schrédinger solver.

The right axes in Figures 4(c),(d) show A®; across the InAs
bodies after H, exposure. The A®, attenuates much more
slowly in the 8-nm thick InAs compared with the 48-nm thick
InAs. As a result, in the 8-nm thick InAs, potential perturbation
on the top surface has a more significant effect across the entire
body of the channel. This effect can be explained as follows: the
8 nm-thick InAs QM is highly quantized; and due to the effect
of quantum confinement, DOS is reduced. Therefore, the
screening length is further extended such that potential disorder
on the top InAs surface strongly affects electron transport
across the entire body. This makes the quantum confined
membrane, ie., the 8 nm-thick InAs QM, more susceptible to
surface perturbations. Besides the A® attenuation, the overlap
between the magnitude of A®, and the electron concentration
is much higher in the 8-nm thick InAs compared with the 48-
nm thick InAs. This implies that the perturbation potential due
to the surface Pd particles has a larger effect on the average
carrier in the channel for the 8 nm-thick InAs, and hence
achieving a higher sensor response.

The effect of electron scattering due to the surface
perturbation potential is reflected in the simulated I;—V,
characteristics as shown in Figure 4(e),(f). Here we compare
the effect before and after H, exposure for each InAs thickness.
Due to the significant (insignificant) change in mobility, the
slope of I;—V,, curve for the 8-nm thick InAs (48-nm thick
InAs) device is increased (remain almost constant) when the
device is exposed to H, This leads to a higher sensor response
in the 8-nm thick InAs. These results qualitatively explain the
change in the slope and threshold voltage of the experimental
results as shown in Figure 2.

To highlight the importance of the quantum confinement
effects in the sensor response, the above quantum simulation
results were compared with those obtained from simulation of
the 8-nm thick InAs QM by assuming hypothetical semiclassical
carrier statistics (SI, Figure S6). Our results show that the
perturbation potential is higher in the quantum simulation as
compared to the semiclassical simulation, due to the lower
DOS. In addition, the charge centroid is located closer to the
top surface in the quantum simulation, thereby resulting in a
higher sensitivity of carrier scattering rates to the surface effects.
Thus, quantum confinement of electrons amplifies the size
effects of the sensor response. This conclusion is further
verified by comparing the quantum simulation results of InAs
QMs with those of Si QMs of similar thickness (SI, Figure S7).
We find that the A®, is more prominent in InAs because of its
low effective mass of 0.03m,, which leads to larger quantization
effects as compared to Si.

It should be noted that besides the effects discussed above,
the probability of electron wave function leaking out of the
surface of InAs is also increased with thickness miniaturization
as depicted in Figure 4(c),(d). This presents yet another
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mechanism that contributes to the observed enhancement of
sensor response as the InAs XOI thickness is reduced.
Specifically, for the 8-nm film, the simulation results indicate
that electron wave function probability of leaking out of the
surface is ~0.3%. For comparison, the same probability is
~0.1% for the 48-nm thick XOI film. However, this effect alone
does not explain the orders of magnitude improvement of the
sensitivity obtained.

4. CONCLUSIONS

In summary, we have experimentally and theoretically
demonstrated the drastic role of quantum size effects in the
response of chemical sensors, using Pd-decorated InAs QM
devices as a model device. We have observed up to two orders
higher sensor responses in an 8-nm thick InAs QM gas sensor
by comparison to a 48-nm thick InAs device. The InAs
thickness scaling down to quantum confinement limits enables
the enhanced potential modulation as well as significant
mobility change upon H, exposure, a contributing factor to
obtaining high sensor response. Notably, while structural
quantum confinement of carriers is shown in the past to
degrade the transistor performances due to enhanced surface
scattering rates,’” here, the same effect is shown to be highly
beneficial in enhancing the performance of chemical sensors.
The work here could present the fundamental device physics of
chemical sensors based on 2-D semiconductors.
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Transfer characteristics change of InAs XOI FETs after Pd
functionalization; TEM of Pd nanoparticles; time response
sensing measurements; details of the electrostatics simulations
used for InAs XOI gas sensors. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Electrical characteristics change after palladium functionalization

Figure S1 shows the transfer (/,-V,,) characteristics of back-gated InAs XOI devices with
different InAs thicknesses for both as-fabricated (black solid line) and after Pd-coating (red solid
line) for the same devices. Figure S1 (a), (b), and (c) correspond to the device characteristics of 8
nm, 18 nm, and 48 nm InAs XOlI, respectively. The ,-V,, characteristics were measured at Vy, =
50 mV. Before Pd-functionalization of InAs surfaces, the highest ON/OFF current ratio is
observed in the 8 nm-thick InAs XOlI, indicating better electrostatic control by the back-gate
biases by comparison to thicker InAs XOI devices. After Pd-functionalization of the InAs
surfaces, there was loss of gate-control in all devices due to screening effects by deposited Pd
layer resulting in current reduction. The most obvious characteristics change was observed in the
8 nm-thick InAs XOI device, where the currents were reduced by two orders of magnitude after
Pd deposition. These results clearly indicate that the potential inside the 8 nm-thick InAs XOI

device is more strongly affected by Pd-functionalization of the surface by comparison to other

devices.
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Figure S1. Palladium functionalization impacts on transfer characteristics (14-Vs) of back-

gated InAs XOI device (a) Transfer characteristics of 8 nm-thick InAs XOI (b) 18 nm-thick
InAs XOI (c) 48 nm-thick InAs XOI, measured at ¥, = 50 mV. The black solid lines and red

solid lines represent the device characteristics before/after palladium coating, respectively.
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Aggregation of evaporated Pd film into nanoparticles

Figure S2. TEM image of evaporated Pd layer (thickness, ~ 2nm) on a SiO, substrate. It can

be clearly seen that the evaporated Pd film is aggregated into Pd nanoparticles (~10nm)
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Stability of gas sensor after multiple cycle

Next, to ensure the stabilities of the sensor devices, the sensors were exposed to 0.5% H,
for 12 s at each cycle, which were repeated in multiple cycles after its recovery to the initial state
[Figure S3 (a), (b), (c)]. Here, the sensor response is defined as AG/G,, where G, is the initial
conductance in ambient air and AG is the change of the conductance from G, after H, exposure.
For all devices, repeating sensor responses were observed at each 0.5% H, exposure cycle. In
addition, sensor responses to H, exposures were achieved within 1 s in all the devices. As
expected, the sensor response in a 8 nm-thick InAs XOI gas sensor was at least one order of

magnitude higher than one observed in the 48 nm-thick InAs XOI gas sensor.
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Figure S3. Sensor responses of palladium-functionalized InAs gas sensor to 0.5 % hydrogen
exposure. Sensor response (4G/Gy) of (a) 8 nm- (b) 18 nm- (c) 48 nm-thick InAs XOI gas sensor.
Devices were repeatedly exposed to 0.5 % H, for multiple cycles of 12s at constant V=50 mV.
Note that here, the exposure pulse was short and the response did not reach the saturation value.
This is in contrast to the Figure 2 studies, where the exposure to H, was performed for 10 min to

reach the equilibrium state. Therefore, the response magnitude here is smaller than that of Fig. 2.
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Sensor response at different H, concentrations (8 nm- and 18 nm-thick InAs)

Sensor response of the 8 nm and 18 nm thick-XOIl gas sensor were measured at different
concentrations of H, gas (diluted in dry air) as shown in Figure S4. The results show that sensor
response monotonically increases as the H, concentration increases for the explored concentration
range. Consistent with the Figure S3 and Figure 2, much higher sensor response was obtained in

the 8 nm-thick InAs XOI gas sensor.
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Figure S4. Sensor response of Pd-functionalized InAs XOI gas sensor with different

thicknesses, measured at various H, concentrations.
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Electrostatic simulations for InAs XOI gas sensor

Here we use a self-consistent Poisson-Schrédinger solver® to obtain the potential
profile across the depth of the channel, the eigenenergies, wavefunction and the charge
density. In the self-consistent Poisson-Schrodinger solver, electron interaction is treated
under Hartree approximation. The sensor operates at room temperature, and the carrier
density is in the typical range as that of conventional semiconductor on insulator
transistors. Many body effects, such as exchange and correlation, are not expected to play
an important role. For the simulation, InAs XOI gas sensors were modeled as double-gated
MOS capacitors, composed of top-gate electrode (Pd), native gate oxide (2 nm, &= 2.2), InAs film
(8, 18, 48nm), back-gate oxide (50 nm, &= 3.9), and back-gate electrode (Si (n+)), which is
similar to the actual sensor structures [Fig. S5b(inset)]. In the calculation, top-gate voltage (V) is
floated to simulate the device before Pd deposition, V;, = -0.2V is applied to represent the device
after Pd layer deposition, V.= -0.1V corresponds to device operation under H, exposure, and V,
= -3.0V is applied. Figure S5 shows the electrostatic simulations of current density for different

thicknesses of InAs. The results show that threshold voltage (7;) shift is increased as the channel

thickness scales down.
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Figure S5. Electrostatic analysis of carrier density change in H, for different InAs

thicknesses. (a) 8 nm-thick InAs XOI (b) 18 nm-thick InAs XOI (c) 48 nm-thick InAs XOlI.
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Calculation of potential disorder scattering (PDS) mobility

The random deposition of Pd, creates an uneven potential profile along the InAs channel,
giving rise to the PDS. Here, we use a similar concept of modeling the surface roughness
scattering® to model the PDS; since the surface roughness scattering is also model based on the
uneven potential profile along the channel. Thus we defined PDS mobility as urps = (U Uppso){Z
|(F| P %,)|2PVP,,}", where ¥, is the wave-function occupying the »™ state, and P, is the
percentage of the electrons occupying the n™ state, @;is perturbation potential and U uppsy is a
fitting parameter. The perturbation potential, @=|V;-V,| , where Vi(V,) is the potential across the
depth of the InAs channel when a top gate voltage of Vi, (floating gate) is applied. Thus, the
perturbation potential change after H, exposure is defined as 4@, =| @, -@, |, where @, and @&,
are the perturbation potential before/after H, exposure, respectively. Based on the obtained u
values, the source-drain current characteristics were qualitatively estimated as Iy ~ Ny, where N is
the total charge density and u is the mobility of the device. Here, x is determined using
Matthiessen’s rule, ;f’ ~ /[lst + y(f’, where upps is the PDS mobility and g is the total
mobility due to other mechanism. In thin InAs films, the effect of PDS is most predominant and

4 can be approximated as zpps.
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Semiclassical simulation results of the 8 nm thick InAs
Figure S6 shows the semiclassical simulation results of carrier distribution and
perturbation potential change (A®,) upon H, exposure. It demonstrates small A@, in comparison

to quantum simulation results in Fig. 4(c).
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Figure S6. Semiclassical calculation of the carrier concentration and perturbation

change in the 8 nm-thick InAs QM upon H; exposure.
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Simulation results for a 8 nm-thick Si

We also investigated the 8 nm-thick Si membranes using the same approach [Fig. S7].
Compared with InAs (8 nm), the charge centroid of Si (8nm) is located closer to the SiO,
interface, and the value of A, is relatively small and decreases more rapidly from the top Si
surface. This can be attributed to the larger effective mass (m"~0.98m;) and smaller Bohr’s radius
(~ 4.5 nm) of Si compared with InAs. As a result, the current vs. voltage characteristics show
only the 7; shift after H, exposure without slope (transconductance) changes, different from the
same thickness of InAs. These results clearly indicate the advantage of using InAs for the study

of size effects down to quantum confinement limits.
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Figure S7. Carrier density change and potential disorder in H, for a 8 nm thick Si device.

(a) carrier density change (right axis) and potential disorder (blue line, right axis) upon H,

exposure (b) current vs. voltage characteristics of 8 nm-thick Si device.
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