The Molecularly Controlled Semiconductor
Resistor: How does it work?
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ABSTRACT We examine the current response of molecularly controlled semiconductor devices to the presence of weakly interacting
analytes. We evaluate the response of two types of devices, a silicon oxide coated silicon device and a GaAs/AlGaAs device, both
coated with aliphatic chains and exposed to the same set of analytes. By comparing the device electrical response with contact potential
difference and surface photovoltage measurements, we show that there are two mechanisms that may affect the underlying substrate,
namely, formation of layers with a net dipolar moment and molecular interaction with surface states. We find that whereas the Si
device response is mostly correlated to the analyte dipole, the GaAs device response is mostly correlated to interactions with surface
states. Existence of a silicon oxide layer, whether native on the Si or deliberately grown on the GaAs, eliminates analyte interaction

with the surface states.
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I. INTRODUCTION
ontrolling the properties of semiconductor devices

and low-dimensional structures by means of a (full

or partial) molecular layer is an important strategy
for chemical sensing (1 —6). This approach combines desired
molecular properties, notably chemical specificity and de-
sign flexibility, with desired semiconductor device proper-
ties, notably controlled electrical conductivity and high
sensitivity. One well-established example of this combina-
tion is the chemically sensitive field effect transistor (7—10).
In this device, the presence of molecules influences the
potential of the conducting field effect transistor (FET)
channel, either by directly influencing the gate potential or
by changing the potential distribution between a “reference
electrode gate” and the semiconductor.

Some ten years ago, a different sensing technique was
introduced, which we call the molecularly controlled semi-
conductor resistor (MOCSER) (11). In this approach, the
traditional gating electrode is replaced by a molecular layer
adsorbed directly on the semiconductor or on a typically
very thin dielectric (with a back-gate electrode present in
some cases). Interaction of the analyte with the molecular
layer (or, in some case, the molecular layer itself being the
analyte) changes the potential in the conducting channel.
This modifies the current between source and drain, result-
ing in chemical sensing. Devices utilizing this principle have
been demonstrated by many groups to sense a wide range
of chemical and biochemical analytes, in gas phase and in
liquid phase, based on a variety of molecular layers and
(inorganic and organic) semiconducting substrates (12—20).
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Generally speaking, it has often been assumed that such
devices are sensitive to the dipole moment of the adsorbed
species (11—13). Indeed, a linear correlation between the
device response and the molecular dipole has been observed
experimentally in some cases (14, 19). But this simple
picture is not complete, for several reasons. Natan et al. (21)
have shown theoretically that adsorption of an ideally
ordered polar monolayer would typically result in a negligi-
bly small device response due to a rapid decay of the electric
fields outside the polar layer. Hence device response to the
molecular dipole must depend on the degree of molecular
(dis-)order. Cohen et al. (22) have shown experimentally that
adsorption of molecules possessing the same binding group
but different polar groups may significantly change the
surface band bending by modifying the surface state distri-
bution. Quite generally, then, molecular adsorption pro-
cesses may change both the surface dipole and the surface
band bending in subtle ways (23). Indeed, Shaya et al. have
recently shown that both effects should be considered
explicitly in their analysis of the signal observed at a silicon-
based device (24) and that there certainly are conditions at
which surface band bending changes dominate (25).

The above considerations imply that the sensitivity of the
current through the semiconductor device to the analyte can
be a strong function of the properties of the semiconductor,
its surface, and the “sensing” molecular layer (26). However,
to the best of our knowledge, no attempt has been made to
characterize how different semiconductors are affected by
the same set of analytes and whether different mechanisms
dominate under different conditions. Here, we explore this
issue by comparing two types of devices, a silicon oxide
coated silicon device and a GaAs/AlGaAs device, both coated
with aliphatic chains and exposed to the same set of ana-
lytes. By comparing the device electrical response with
contact potential difference and surface photovoltage mea-
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FIGURE 1. Schematic representation of the Si (left) and the GaAs/GaAlAs (right) based molecularly controlled semiconductor resistor devices
used in this work. For the GaAs-based devices, interelectrode distances varying between 200 and 2000 ym were examined, with the width of
the conductive channel fixed at 200 um. In the silicon-based devices, the interelectrode distance was 5 um and the width of the channel was

750 um.

surements (23), we find that whereas the Si device response
is mostly correlated to the analyte dipole, the GaAs device
response is mostly correlated to interactions with surface
states.

II. MATERIALS AND METHODS

Device Fabrication and Electrical Measurements. A sche-
matic representation of the two basic structures used in this
work is given in Figure 1. One device is based on silicon,
whereas the other is based on GaAs/AlGaAs. The silicon-based
device was fabricated by Intel Research Laboratories, Israel,
with a conductive channel length and width of 5 and 750 um,
respectively. The GaAs n-type pseudomorphic high electron
mobility transistor devices were fabricated using photolithog-
raphy in a standard clean-room, such that the conducting
channel width was 200 um and its length varied from 200 to
2000 um. The electrical response of the devices to the various
molecules does not depend on the channel length. All electrical
measurements were performed with Keithley 236 source-
measure units on wire bonded devices. GaAs devices were
wired via the source and drain contact. Si devices were also
biased via a back-gate contact.

Molecular Modification. Organic monolayers were adsorbed
and characterized according to previously reported procedures
(27, 28). Solvents were reagent grade or better, purchased from
Merck, Baker, or Bio-Lab. 1-Octadecanephosphonate (C;sPhosp)
molecules were purchased from PCI Synthesis. Octyltrichlorosi-
lane (CsSil) molecules were purchased from Sigma-Aldrich. All
chemicals were used without further purification. Monolayer
quality was verified by ellipsometry (J. A. Woollam, model
M-2000 V) measurements, within a range of 399—1000 nm, as
well as by contact angle measurements.

GaAs devices were sonicated prior to molecular adsorption
in isopropanol, acetone, and ethanol for 10 min each, followed
by UV/ozone oxidation (UVOCS) for 10 min. The substrates were
then etched for 5 s in 2% HF, rinsed in water, dipped for 30 s
in NH4OH (about 25% NHjs), and rinsed in water again. After
they were dried under an N, stream, the samples were im-
mediately placed in the adsorption solution. C;gPhosp mono-
layers were prepared from a 1 mM tetrahydrofuran (THF)
adsorption solution. Adsorption was carried out overnight in N»-
filled vials placed in a desiccator. After adsorption, the samples
were rinsed with THF and N,-dried.

Si devices were sonicated prior to adsorption in ethyl acetate
for 2 min, rinsed with acetone and ethanol, followed by UVOCS
for 20 min. The devices were placed three times for 30 s in 1
mM CsgSil in bicyclohexyl (BCH) adsorption solutions. After each
dip, the samples were rinsed and sonicated for 30 s in toluene.

Importantly, in the Si-based devices molecular monolayers
were adsorbed on top of a 2 nm thick, native silicon oxide layer,
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whereas in the GaAs-based ones molecular monolayers were
adsorbed directly on the GaAs surface after removal of the oxide
layer.

Analytes. The analytes used in this work were acetone (Ace),
99.9% ethanol (EtOH), 99 % benzonitrile (BZN), 30 % hydrogen
peroxide (H,O,), and triacetone triperoxide (TATP). Ace, EtOH,
and H,O, were purchased from ].T. Baker. BZN was purchased
from Sigma-Aldrich. TATP was produced in-house with extreme
caution.

Electric measurements of analyte-exposed devices were
performed in a dark chamber with a constant flow of N, that
was set to a rate of 500 cc/min. The different analytes were
evaporated in a 30 mL chamber at room temperature, and the
vapors were carried by a constant N, flow of 80 cc/min. This
stream of nitrogen was combined with the main nitrogen flow
and then introduced into the sensor chamber.

Work Function and Band-Bending Measurements. Contact
potential difference (CPD) or surface photovoltage (SPV) mea-
surements (23) were conducted on substrates identical to those
used for device manufacturing that were modified molecularly
and exposed to analyte molecules in the same manner de-
scribed above. CPD measurements were performed using the
Kelvin probe technique (23), with a vibrating gold grid acting
as the reference (probe) electrode, using a Besocke Delta Phi
commercial setup. The sample and the probe were placed in a
closed metallic box, acting as a Faraday cage so as to avoid
electrical interference from external sources. SPV measure-
ments were conducted while measuring CPD by illuminating
the sample with a 632 nm HeNe laser.

III. RESULTS
The response of the Si/SiOx/CgSil and the GaAs/C,gPhosp

based devices to the various analytes is given in Figure 2. In
both devices the functional group exposed to the gas is
obviously a methyl group. Interestingly, despite this similar-
ity the response of the two devices to the different analytes
is completely different and in fact almost complementary.
The GaAs-based devices respond to TATP and H,0O,, but do
not respond to acetone or ethanol. Exactly the opposite is
true for the Si-based devices. Of the analytes we studied,
response from both types of devices was obtained only with
BZN, but even then the sign of the response is different.
Importantly, upon coating the GaAs-based device with a
(thicker) silicon oxide layer, followed by coating with alkyl
silane, as described above, the response of the GaAs-based
device to the different analytes became qualitatively similar
to that of the Si-based device (albeit smaller, because of the
increased thickness of the oxide).
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FIGURE 2. Normalized change in current as a function of time for
Si/SiO, (A) and GaAs (B) based devices. Si and GaAs devices were
covered with CgSil and C;gPhosp, respectively (see text for details).
The devices were exposed to vapors of TATP (10 ppm), hydrogen
peroxide (110 ppm), ethanol (1.5 x 10* ppm), acetone (6.1 x 10*
ppm), and benzonitrile (130 ppm).

To assess the importance of the analyte dipole in deter-
mining the response of the Si-based devices we measured
the CPD response of the Si/SiOx/CgSil structure to the dif-
ferent analytes. The analyte-induced change in the device
current, as a function of the analyte-induced CPD change,
is given in Figure 3. A clear correlation (R = 0.98) is found.
Figure 3 also shows the dipole moment of the gas-phase
analyte molecules (29). With the notable exception of H,O,,
the device response also shows a significant correlation to
the analyte dipole moment (though not as high as that found
with the CPD). Unfortunately, for the GaAs-based devices the
CPD readings were not stable enough to allow for a similar
plot. However, it is clear that in this case the device response
does not correlate at all with the analyte molecular dipole
moment.

To assess the importance of surface state interactions in
determining the device response, we measured the transient
light-on and light-off SPV response of both Si- and GaAs-
based devices, for the different analytes used (Figure 4).
[llumination of the substrate causes band flattening and
therefore in the case of band bending mechanism, one
expects to observe a significant change in the CPD signal
with and without the adsorbed analyte. In all cases, the
superbandgap illumination results in a CPD decrease due to
illumination-induced reduction in the semiconductor surface
band-bending (23). However, whereas for the Si-based
devices the SPV transients appear to be short and largely
independent of the analyte, in the GaAs-based devices there
is a distinct slow transient component upon illumination
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FIGURE 3. Correlation plot for Si-based MOCSER response, CPD
value, and molecular dipole, for the various analytes used. CPD
measurements were carried out on slabs of n-type Si (<1 0 0>)
possessing a native oxide and covered with a monolayer of CgSil.
Analyte exposure is the same as in Figure 2. The black dots indicate
the MOCSER response as a function of ACPD, while the red squares
indicate the relation between the MOCSER responses and the
respective molecular dipole moments. The dashed line represents
the linear fit measured between the devices response and the
correlated ACPD, with a correlation factor of R = 0.98.

switch-off. This component is reduced significantly in the
presence of TATP or H,0,.

IV. DISCUSSION
Naively, one would have expected the analyte molecules

to elicit a qualitatively similar response from the Si- and
GaAs-based molecularly controlled sensing devices, given
that the analytes are nominally exposed to a similar chemi-
cal environment. However, Figure 2 establishes that this is
definitely not the case.

The excellent correlation between CPD changes and
device response in the Si-based device clearly suggests that
in this case the device does respond to the net dipole of the
formed overlayer. Furthermore, because all adsorbed ana-
lytes, to which the device responds, reduce the work func-
tion, we conclude that the positive pole of the net dipole
generated by the analyte is pointing away from the surface.

The analyte-bearing monolayer is not a well-packed,
highly organized layer. Therefore we do not expect a “dipo-
lar layer” in the traditional sense of the term to form upon
exposure to the analyte. As mentioned above, the electric
field outside a close-packed, highly ordered monolayer
decays exponentially as a function of distance from the
layer, so that a device response would not be expected (21).
Hence, it is the lack of perfect order and coverage that in
principle allows for penetration of electric fields into the
semiconductor region, resulting in device response. Sensitiv-
ity to the degree of coverage is further supported by the fact
that the correlation with the analyte molecular dipole exists
but is smaller than the correlation with the CPD changes.
This is because the CPD reflects the actual net dipole formed,
so that for perfect correlation with the molecular dipole to
be preserved the degree of order (i.e., percent coverage,
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FIGURE 4. Surface photovoltage (SPV) measurement for Si (A) and GaAs (B) slabs covered with respective monolayers. Illumination was
performed during analyte exposure at time zero for 2 min (note “On” and “Off” designations in the figures).

average orientation) would have to be the same throughout.
Specifically, exposure to H,O; elicits neither CPD nor current
response, even though the molecule does have a net dipole.
This indicates that the H,O, is adsorbed with a completely
random orientation, with its net dipole parallel to the surface,
or not at all.

We note that lack of ideal order and coverage does not
guarantee that an electric field large enough to result in a
measurable device response will be present at the semicon-
ductor, especially with an oxide layer (25). Nevertheless, the
correlations observed between the molecular dipole and the
response of the Si-based devices suggest that the appropriate
conditions are present in this case. Furthermore, we did not
find a correlation with other molecular properties that could
in principle induce charge transfer processes, for example,
their ionization potential or electron affinity.

Because in the GaAs-based devices correlation with the
molecular dipole is absent, the physical mechanism at work
is obviously different. A key observation is that the Si-based
devices possess an oxide layer, whereas the GaAs-based
devices do not. The presence of a significant slow compo-
nent in the SPV relaxation transient generally implies the
presence of deep surface states (23) and is typical to etched
GaAs surfaces (30). Furthermore, it has been recently shown
specifically that adsorption of alkylphosphonate monolayers
on etched GaAs does not eliminate the surface band bending
(31). We conclude, therefore, that the etched GaAs surface
has not been fully passivated by the C;sPhosp overlayer. This
makes the GaAs-based device much more susceptible to
monopolar effects, where surface charge is removed upon
molecule-surface interaction that eliminates the surface
states (22). Indeed, except for BZN, device response is
observed if and only if the slow transient indicative of surface
states is noticeably diminished by the analyte. As mentioned
in the preceding section, in the presence of a deliberately
grown silicon oxide layer that is thick enough to mask the
GaAs surface from the analyte, the GaAs-based device
reverts to behaving like a Si-based one. We take this as
conclusive evidence that the absence of oxide is indeed
responsible for the large qualitative difference in GaAs-based
device behavior.
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Interestingly, the analyte—surface interaction occurs even
though the surface is coated with a fairly well-organized
monolayer consisting of 18-carbon-long alkyl chains. It is
known that the density of surface states in bare GaAs surface
is of the order of 10'> cm™ (32), but that this number is
reduced by a factor of ~20 upon formation of the monolayer
(33). Because a dense monolayer contains ~10'* molecules/
cm?, net transfer of a small fraction of charge, much less
than 1 % per molecule, is more than sufficient to affect an
easily detectable change in the device (34). Indeed, we
observed that the more organized and dense the self-
assembled monolayer on top of the GaAs is, the higher the
device sensitivity to the analytes is.

Of all the analytes studied, only BZN elicits a response
from both Si- and GaAs-based devices, even though no
interaction with the GaAs surface states is observed. We
conclude that BZN is detected via its dipole in both cases, a
conclusion consistent with the expected higher degree of
order of a BZN layer as compared to the other analytes.
Curiously, the response of Si- and GaAs-based devices is
opposite in sign. Likely this reflects a significantly different
adsorption configuration for the BZN overlayer, although it
should be borne in mind that for sufficiently well-ordered
overlayer, a close to complete coverage can result in an
inverted sign of response (21).

Finally, why is it that adsorption of the same analytes on
seemingly similar monolayers can be so different? We
believe that while the local chemical environment is similar,
the electrostatic landscape is different. Evidence for this can
be found in the CPD. At equilibrium, for a sufficiently thick
overlayer, the external surface is effectively decoupled from
any internal interface and the CPD reflects the work function
of the overlayer (23, 35). Alkane chains are insulating and
possess low polarizability and therefore their external group
is not screened from the semiconductor. Indeed, CPD values
of the analyte-free Si/SiOx/CgSil and GaAs/CgPhosp layers
differ by ~300 meV, well above any measurement error or
instability. This indicates that despite the local similarity, the
chemical environment the analyte “sees” in the two types
of devices is not identical. Likely this different electrostatic
environment, as reflected in the CPD difference, also ex-
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plains the significant difference in orientation and/or cover-
age of the BZN molecules on the two surfaces.

V. CONCLUSIONS
In this study, we examined the response of MOCSER

devices to analytes that do not interact strongly with the
substrates, that is, interact via weak dispersive or high order
electrostatic interactions. We compared the response of two
types of devices, a silicon oxide coated silicon device and a
GaAs/AlGaAs device, both coated with aliphatic chains and
exposed to the same set of analytes. By comparing the
device electrical response with contact potential difference
and surface photovoltage measurements, we demonstrated
that there are two mechanisms that may affect the underly-
ing substrate: formation of layers with a net dipolar moment
and molecular interaction with surface states. Because only
a small fraction of charge is needed to affect the device, this
second mechanism may well be operative even in cases that
would not be typically characterized as “charge transfer”
scenarios. Which mechanism dominates is a strong function
of both substrate and analyte. In this case, we found that
whereas the Si device response is mostly correlated to the
analyte dipole, the GaAs device response is mostly correlated
to interactions with surface states, and attributed this dif-
ference to the presence or absence, respectively, of a silicon
oxide layer. This suggests that it should be possible to design
adsorbed monolayers that will interact specifically and
strongly with the analyte and will elicit a significant device
response via one or both of the mechanisms suggested here.
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