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ABSTRACT In recent years, InAs nanowires have been demon-
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strated with the excellent electron mobility as well as highly electron electron
\ donating withdrawing

efficient near-infrared and visible photoresponse at room tempera- group group

ture. However, due to the presence of a large amount of surface
states that originate from the unstable native oxide, the fabricated
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nanowire transistors are always operated in the depletion mode

with degraded electron mobility, which is not energy-efficient.

gs

In this work, instead of the conventional inorganic sulfur or
alkanethiol surface passivation, we employ aromatic thiolate
(ArS™)-based molecular monolayers with controllable molecular design and electron density for the surface modification of InAs nanowires (i.e., device
channels) by simple wet chemistry. More importantly, besides reliably improving the device performances by enhancing the electron mobility and the current
on—off ratio through surface state passivation, the device threshold voltage (V5;) can also be modulated by varying the para-substituent of the monolayers
such that the molecule bearing electron-withdrawing groups would significantly shift the V3, towards the positive region for the enhancement mode
device operation, in which the effect has been quantified by density functional theory calculations. These findings reveal explicitly the efficient modulation
of the InAs nanowires' electronic transport properties via ArS—-based molecular monolayers, which further elucidates the technological potency of this

ArS™ surface treatment for future nanoelectronic device fabrication and circuit integration.
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n past decades, due to their unique

physical properties, lll—V semiconductor

nanowires (NWs) have attracted exten-
sive research and development interests for
various technological applications such as
electronics, sensors, and photonics." ' In
particular, when configured into n-type
field-effect transistors (FETs), InAs NWs have
been demonstrated with excellent field-
effect electron mobility (ufg) greater than
10000 cm?V ™" 57" as well as highly efficient
near-infrared and visible photoresponse
at room temperature.' ' Generally, the
device operation in enhancement mode
(E-mode), yielding an OFF state at a zero
gate bias with a positive threshold voltage
(V1n), is highly preferred for the simple, low-
power, and large-scale circuit integration
design since there is no need to apply gate
voltages to switch off the devices.">'® How-
ever, due to the presence of a large amount
of surface states that originate from the
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unstable native oxide, significant surface
trap charges are accumulated on the InAs
NW, forming an electron surface accumula-
tion layer, which results in a Fermi level (Ef)
pinning above the conduction band.'”'®
This phenomenon would lead to NWFETs
operating in the depletion mode (D-mode),
where a negative gate bias is required
for the device to achieve an OFF state by
depleting the accumulated free carriers and
is, hence, not energy-efficient.”>'® More-
over, the electron mobility would also get
degraded by the electron scattering in-
duced in this surface accumulation charge
layer, especially for the small diameter
NWs, due to the large surface-to-volume
ratio.'"'2

In order to tackle the above-mentioned
issues, several works have been recently
reported that are able to partially solve the
problems and can be summarized into two
approaches. One technique is that metal
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cluster decoration can be employed to manipulate the
device operation by modulating the device's V4, based
on the work function difference between the depos-
ited metal clusters and NWs."® Another method uti-
lizes the surface chemical passivation of NWs by self-
assembly of a sulfur-containing monolayer (SAM), such
as ammonium sulfide ((NH,),S) or 1-octadecanethiol
(CH5(CH5)16CH5SH), which is found to enhance the NW
device performance by improving the subthreshold
swing (SS) and increasing the electron mobility.2 22
Until now, neither of them has provided the best
solution because of their drawbacks. Metal cluster
decoration does not cope with the issues of surface
states, such that the mobility of decorated nanowires
would be inevitably decreased for the E-mode device
operation.'”” On the other hand, surface modifica-
tion with inorganic sulfur or alkanethiols cannot effec-
tively control the device Vg, and, thus, the device
operation.?"? In this regard, with the aim to achieve
all of the above requirements, one better approach is
to introduce a surface modifier with controllable elec-
tron density at the linkage between the modifier and
the NW surface, which can improve the mobility by
passivating the surface states and at the same time
modulate the Vy, of NWFETs by varying the electron
density of the modifier.

Here, in this work, we design and present a facile and
reliable scheme to tailor electronic transport properties
of InAs NWs by the surface modification with aromatic
thiolate (ArS™)-based molecular monolayers, instead
of the conventional inorganic sulfur or alkanethiols
commonly used in the llI-V surface passivation. Im-
portantly, when fabricated into FETs, such surface
treatment improves the carrier mobility and modulates
the device V4, by varying the para-substituents of the
ArS™ group. It is noted that this ArS™ surface proces-
sing can not only decrease the amount of surface traps
for the better mobility but also induce the surface
electronic charge to move the device Vy, positively.
Based on the molecular design, applying ArS™ com-
pounds bearing electron-withdrawing groups would
result in significant changes that shift the device Vy,
toward the positive region for the E-mode operation,
whereas for ArS™ compounds carrying electron-donat-
ing groups, the change in Vqy, induced by the passiva-
tion effect would be eliminated. All of these findings
reveal explicitly the efficient modulation of InAs NW
electronic transport properties via ArS™-based molec-
ular monolayers, which further elucidates the techno-
logical potency of this ArS™ surface treatment for
future nanoelectronic device fabrication and circuit
integration.

RESULTS AND DISCUSSION

For the SAM formation, InAs NWs are first pretreated
with 1% HF under nitrogen atmosphere to remove
the native surface oxide and to avoid reoxidation.
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para — substituent ’ —OCH, (@) —CH;(b) —F(c) —NO,(d)
Mulliken charges on thiolate part \ -0.1207  -0.1329 -0.1369 -0.1432

Figure 1. lllustrative schematics of different thiol molecules
with various sums of calculated Mulliken charges at the
thiolate part of the aromatic thiol derivatives: (a) p-methoxy-
thiophenol; (b) p-methylthiophenol; (c) p-fluorothiophenol;
(d) p-nitrothiophenol.

Importantly, with the aim to minimize the solvent
binding onto the NW surface, isopropyl alcohol (IPA),
a branched alcohol, is chosen as the solvent for
the aromatic thiol (ArSH) solution; however, since
p-nitrothiophenol cannot dissolve well in IPA, the
solvent is replaced with toluene. It is also noted that
the substituent group on the thiol molecules should
not have any ability to cross-link with each other and to
bind to the NW surface; otherwise, the SAM formation
would be uncontrollable. Figure 1 summarizes the
chemical structures of all ArSH compounds (p-methoxy-
thiophenol ~ (CH3;0—CgH,SH),  p-methylthiophenol
(CH3—CgH,SH), p-fluorothiophenol (F—CgH4SH), and
p-nitrothiophenol (NO,—CgH,4SH)) employed in this
work as well as the electronic effects of their para-
substituents affecting the thiol group (represented by
the sum of Mulliken charges calculated on the thiolate
parts). It is clear that ArS™ with electron-withdrawing
groups like the nitro group can decrease the electronic
charge on the moiety it bonded to (in this case H), and
vice versa for ArS™ with electron-donating groups like
the methoxy group.

In order to confirm the monolayer formation, X-ray
photoelectron spectroscopy (XPS) is utilized to study
the binding nature of the ArS™ compound onto both
unpassivated (“before processed”) and passivated
(“after processed”) NWs. CH3;—CgH4SH is chosen as
the representative compound for the XPS analysis
because it is believed that all ArS™ compounds here
would have a similar binding nature due to their
structural similarity. Moreover, the relatively small
shifting of the spectra could be attributed to the size
effect as reported in the literature,>~2> which is not
emphasized herein. As shown in Figure 2a, the S 2p
binding energy region of the passivated InAs NWs
exhibits an obvious peak at ~161.3 eV, indicating that
the S atom of the ArS™ group covalently binds to
the NWs. In contrast, the unpassivated NWs give
no signal there, corresponding to the absence of the
thiol molecule attachment. To further investigate the
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Figure 2. (a) XPS spectra of the S 2p core region obtained
from before and after p-methylthiophenol-treated InAs
nanowires. (b) lllustrated schematic of aromatic thiolate
derivatives binding on the surface of the InAs nanowire
(the FET channel).

neighboring environment of the S atom, the core level
spectra of In 3d and As 3d are also illustrated and
analyzed in Supporting Information Figure S1. Consid-
ering the In 3d spectra in Figure S1a, we observed the
signals of In 3ds/, and In 3ds,, for both unpassivated
and passivated InAs NWs. For the spectrum of unpas-
sivated NWs, In 3ds,, peaks (dark line) are fitted with
two components for signals at ~444.8 and ~443.9 eV,
corresponding to the oxidized In (magenta line) and
InAs (olive line). Similar results are also found in In 3d5/,
peaks, with two components for signals fitted for the
oxidized In at ~452.3 eV (magenta line) and for InAs at
~451.4 eV (olive line). When compared to the spec-
trum of passivated NWs, the relative intensity of oxide
signals for passivated NWs is drastically reduced, which
indicates the oxide layer being removed after passiva-
tion. Moreover, extra peaks are fitted at ~452.1 and
~444.4 eV for passivated NWs, which suggests the
establishment of the In—S bond. At the same time, for
the As 3d spectra depicted in Figure S1b, the doublet
peaks at ~40.2 eV are observed for both unpassivated
and passivated NWs, which can be fitted with two
components for the signal at ~40.0 and ~40.7 eV,
corresponding to the In—As bond. The only difference
is that there is an additional peak at ~43.0 eV that
appears after passivation, which infers the formation
of the As—S bond. Based on these findings, the ArS™
groups are suggested to bind to the NW surface by
both In—S and As—S linkages, as illustrated in the
schematic in Figure 2b.

Since the electrical performance of InAs NWFETs,
such as the electron mobility, Vy,, and current on—off
ratio (Ion/of), €tc., are known to be significantly de-
graded by the presence of surface states, especially for
small diameter NW channels (<40 nm),’® the NW
channel in the diameter range of 20—30 nm (£2 nm)
is purposely chosen in this work in order to investigate
the effect of surface modification with ArS™ groups on
the NW electrical properties. Furthermore, when we
considered the variation induced by the different NW
diameter as well as the different amount of surface
defects associated with each particular NW device
channel, the effect of V4, changes would be assessed
in a statistical manner. Specifically, the influence of
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Figure 3. Passivation effect of different aromatic thiolate
derivatives on the transfer characteristics of InAs NWFETs:
(a) p-methoxythiophenol, (b) p-methylthiophenol, (c) p-
fluorothiophenol, and (d) p-nitrothiophenol. The magni-
tude of the Vy, shift is calculated based on the average of
21 devices, and the error is constructed by the sample
standard deviation.

different para-substituents of the ArS™ compound on
the transfer characteristics of fabricated NW devices is
thoroughly studied and summarized in Figure 3. It is
clear that the magnitude of the Vg, shift is system-
atically increased from ~0.25 to ~1.57 V when the
substituent is changed from the electron-donating
group to the electron-withdrawing group accordingly,
indicating that the stronger electron-withdrawing abil-
ity of the substituent would lead to the larger Vqy, shift
to the positive region. To further ensure that the Vq,
changes are induced and originated from the ArS™
group, a control experiment is performed such that the
device wafer is placed in the pure solvent under the
same condition. It is found that the solvent (i.e., both
IPA and toluene) has indeed no significant effect on
the Vp, change of the NWFET (Supporting Information
Figure S2).In addition to the Vg, shift demonstrated in
the transfer characteristics (Figure 3), the effect of
passivation with different ArS™ compounds on other
electronic properties of InAs NWFETSs, including the
lonsoft: tre, @and output characteristics, is also studied
and presented in Figure 4. Using CHz—CgH,4SH passi-
vation as a typical example, the device off current (/o¢)
is drastically reduced while the on current is not
changed significantly; consequently, the Ion/off is im-
proved after the treatment (Figure 4a). With the
statistical data of the Iy,0f distribution compiled,
the passivation could enhance the device lon/0f by
at least an order of magnitude (Figure 4b). On the
other hand, the effect of this passivation on the
device's upe can be assessed by using the following
equation:

MU = GLZ/Cox'Vds

where G is the transconductance (dly/dVy), L is the
NW channel length, C,, is the gate oxide capacitance,
and Vs is the drain voltage.
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As depicted in Figure 4c, the typical electron mobi-
lity is found to slightly increase from ~3000 to
~3300 cm? V™' s, which is attributed to the reduced
scattering of charge carriers by the removal of surface
states, consistent with the CH3(CH;);4CH,SH passiva-
tion reported in the literature.?? In addition, after the
passivation, the NW devices remain operating in ohmic
behavior, as illustrated in the output characteristics
(Igs—Vgs curves) in Figure 4d, which indicates that the
passivation process has no adverse effect on the con-
tact properties of these NW devices. Besides the
CH3—CgH4SH compound, the passivating effects of
other ArS™ derivatives and CH3(CH,);,CH,SH on NW
devices are also examined, which give similar results as
shown in the Supporting Information (Figure S3—S5).
Notably, the effect of these monolayers on the elec-
trical properties of NW devices could still be observed
after 1 month of storage in vacuum, indicating the
stability of these monolayers and their versatility for
device applications. To summarize, using the ArS™
surface passivation, the Vqy, of FETs can be modulated
accordingly by varying the para-substituent with other
electrical properties (i.e., loff, lonott, and ugg) simulta-
neously improved. A brief comparison of the effects on
NW electrical properties with other device treatments
is shown in Table 1.

To shed light on the fundamental effects of different
ArS™ groups on the electrical properties of NWs,
density functional theory (DFT) calculations are also
performed for all ArS™ compounds bonded to the
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InAs (100) surface, employing the ONIOM (our own
N-layer integrated molecular orbital molecular me-
chanics) calculation, and the full model is given in the
Supporting Information Figures S6—S9. Since the elec-
tronic transport properties of NWs are surface-
dominant,'>?2 only the surface layer of InAs and the
thiolate part are treated at the DFT level, and the inner
layer of the InAs is treated with the force field (UFF)
calculation to reduce computational cost. The illustra-
tive schematic is shown in Figure 5a, assuming the
thiolate is directly attached onto the InAs surface via
the As—S linkage. To quantify the electronic effect of
various substituents of the ArS™ group, the Mulliken
charges of all atoms treated at the DFT level are
calculated and used to characterize the electron den-
sity distribution. As the charge value becomes more
negative, the higher electron density distributed at
that particular atom is represented. This way, the
electronic effect of various ArS™ passivations on the
Vi of NWFETs can be evaluated by summing the
Mulliken charges of the atoms belonging to the thio-
late part, as described in Figure 5b. Moreover, due to
the size effect of the employed molecules for the
monolayer formation, the estimated molecular foot-
prints for each particular thiolate attached onto both
In- and As-terminated surfaces (Supporting Informa-
tion Figures S10 and S11) are also demonstrated, which
indicate that the impact of this size effect is insignif-
icant here. It is clearly observed that the stronger
electron-withdrawing ability results in the larger mag-
nitude of the Vg, shift toward the positive value.
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Figure 4. Passivation effect of 4-methylthiophenol on other
electronic transport properties of InAs NWFETs including
las—Vgs curves in the log scale (a), device o/l ratio
distributions of 48 samples (b), mobility changes repre-
sented by the fitting curve of the data points using the
Savitzky—Golay filter method (c), and /4s—Vy4s curves after
the passivation (d).

Figure 5. Model for the structurally optimized CHz;—
CgH4S -attached InAs (100) surface via the S—As linkage
(a). Distributions of the Vqy, shift with different calculated
Mulliken atomic charge (b). Mean of the change of Fermi
energy of 30 different passivated NW samples with different
calculated Mulliken atomic charges. The error refers to the
standard deviation of the mean (c).

TABLE 1. Comparison of the Effects on NW Electrical Properties Using Different Passivation/Decoration Approaches

effect on NW electrical properties alkanethiol passivation

Vi shift constant value
s change ~+1000 m? V5"
Tonof increase an order of magnitude
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metal cluster decoration'® aromatic thiol passivation

Au: +32V
Au: —1200 cm? V" s

range from 4-0.25 to +1.57 V
range from 4300 to 42000 cm? V" s~
increase an order of magnitude
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Figure 6. lllustrative schematic and the corresponding
band diagrams showing the surface passivation effect on
NWs by the thiol molecules.

In addition to the V4, modulation, various changes of
the free carrier concentration, n, before and after the
ArS™ passivation are approximated and illustrated in
the Supporting Information Figure S12. Considering
the carrier concentration at the position of zero gate
bias (V45 = 0), we found that the deposited ArS™ group
bearing the stronger electron-withdrawing group
gives a larger decrease of carrier concentration, which
suggests that a large amount of carriers are depleted
from the InAs surface, resulting in a depletion layer and
reduction of the effective channel width of the NW.
Using the above results, the changes of Er of InAs NWs
due to the electronic effect of different ArS™ groups
can be estimated by the following equation:

Ma _ exp Ern — Ers
ng kT

where k is the Boltzmann constant, T is the tempera-
ture, subscript A and B refer to the case after and before
the passivation, statistically summarized in Figure 5c,
similar to the determination of Vi, changes as dis-
cussed above. Similar consistent results are also ob-
served for the calculations with the thiolate directly
attached onto the InAs surface via the In—S linkage
(Supporting Information Figure S13). It is clear that the
electron-withdrawing ability of the deposited ArS™
group is approximately proportional to the decrease
of the Er of NWs, demonstrating the reliable control of
NW electrical properties via this simple ArS™ passiva-
tion technique.

Based on all of these findings, we can see that the
NW surface modification with ArS™ groups provides
both passivation effect and Vy, modulation ability of
the InAs NWFETs. Figure 6 shows a schematic illustrat-
ing the corresponding change of the band diagram of
InAs NWs induced by the passivation effect. For the
unpassivated NWs, the existing surface defects typi-
cally lead to the formation of dangling orbitals, which
locate near the conduction band.® These orbitals
would then induce the interface trap charges on the
NW surface and contribute to an electron accumulation

At—Ves  AtOVgg At +Vq
a — | Er
E; -
Ey —_—
b — — o
......... A —
—/I-g-EWG —/I-g-EWG _/l-g-EWG
C
m.\‘. ﬂ ..............
_ _ o
]—g-EDG :I-g-EDG a-s-EDG

Figure 7. Energy band diagrams of different ArS™ surface
treatments on InAs NWs at different gate biases: (a) bare
InAs NW channel without any passivation, (b) passivated
with the thiol bearing electron-withdrawing groups (EWG),
(c) passivated by the thiol bearing electron-donating
groups (EDG).

layer, which gives rise to the Fermi level (Ef) being
pinned near or above the conduction band edge.'”'®
It should also be noted that such an electron-rich layer
increases the charge carrier scattering and reduces the
mobility during the electrical conduction and, at the
same time, yields a significant leakage current in the
device OFF state. Nevertheless, after the passivation,
some of the dangling orbitals are passivated by the
As—S and In—S linkages, and the electron concentra-
tion of the accumulation layer would be decreased
accordingly (i.e., carrier depletion), which results in
shifting the E below the conduction band, considering
that the depletion extends over the entire volume of
these thin NWs.?” As a result, the corresponding charge
carrier scattering is minimized with the electron mo-
bility improved and the /¢ of the NWFETs reduced.
Since the I, is mainly limited by the contact resistance,
no significant change is expected to be observed here.
To further investigate the physical mechanism of this
NW electrical property modulation by ArS™ modifica-
tion, Figure 7 depicts the energy band diagrams of
NWs modified with ArS™ groups bearing different
electron-donating and electron-withdrawing groups
at different gate biases. As mentioned above, in the
equilibrium state (V45 = 0V), the prepared InAs NWs are
intrinsically n-type with the E¢ lying near or slightly
pinned above the conduction band edge; therefore, a
negative gate bias is required to move the bands up or
push the Er down in order to deplete the excess
electrons to achieve the device OFF state, which is
known as the D-mode device operation (Figure 7a). In
contrast, as shown in Figure 7b, when the ArS™ groups
bearing electron-withdrawing groups (i.e., F—CgH,S™
and NO,—CgH4S™) bonded onto the NW channel sur-
face, the electron-withdrawing ability of the substitu-
ent would locally disturb the energy band to bend
upward at the NW/S interface such that the free
electrons are depleted to move the Ex down to the
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intrinsic level at Vg = 0 V. Combining the passivation
effect, the current at the zero gate bias would be
drastically reduced nearly to zero unless a small posi-
tive gate bias is introduced to pull the band down,
inducing a large current given by the high concentra-
tion of carriers, in which the device is performed in the
E-mode operation. Similarly, when the ArS™ bearing
electron-donating groups (i.e, CH3—CgHsS™ and
MeO—CgH,S™) bonded on the NW surface, the sub-
stituent effect would show the energy band locally
bending downward at the NW/S interface and move
the Er up to the conduction band. This would lead to
the reduction or even calling off the effect of ArS™
passivation on the E¢ shifting (Figure 6), which results in
the Vq, moving slightly to the positive region or
remaining unchanged. Since this band model is only
presented qualitatively, more theoretical models are
required to further quantify the effect. In any case, all of
these demonstrated the versatility of this simple ArS™
surface treatment in modulating NW electrical proper-
ties for the realization of high-performance nanoelec-
tronic devices and circuits.

METHODS

InAs NWFET Fabrication. The InAs NWs used in this study were
prepared by a solid-source catalytic chemical vapor deposition
method as previously reported.®® Briefly, about 1.2 g of InAs
powders (99.9999% purity) was heated to 690 °C in the up-
stream zone of a two-zone tube furnace, and the evaporated
precursors were transported by the H, carrier gas (200 sccm) to
the downstream zone at a temperature of 470 °C. In this zone,
InAs NWs were grown utilizing the 0.2 nm thick Ni catalyst film
(preannealed at 800 °C for 10 min) predeposited on SiO,/Si
substrates for 60 min. The pressure was maintained at ~1.0 Torr.
After being cooled in the H, gas atmosphere, the grown NWs
were harvested in anhydrous ethanol by sonication and then
drop-casted onto SiO,/Si substrates (50 nm thermally grown
oxide on degenerately boron-doped Si) for the fabrication of
back-gated FETSs. In this study, NWFETs were achieved by the
definition of electrodes using a standard lithography process,
followed by the deposition of 50 nm thick Ni and subsequent
metal lift off.

SAM of ArS~ Compound Preparation. The passivation of InAs NWs
after device fabrication (i.e., the FET channel) was prepared
under N, atmosphere with the following procedures. The
device wafer was first treated by HF (1%) solution for 6 s, rinsed
by deionized water, and then placed into the freshly prepared
35 mM IPA solution of MeO—CgH,SH, CHs;—CgH,iSH, or
F—CgH,4SH or toluene solution of NO,—CgH,SH at room tem-
perature for 12 h. After being removed from the solution, the
wafer was rinsed with ethanol and blown dry with nitrogen. For
the XPS analysis, the ArS™-passivated NWs were prepared by
the above procedure, except for putting the grown NW sub-
strates, instead of the device wafer, into the solution.

Material and Electrical Characterization. InAs NWs before and
after the ArS™ surface passivation were characterized by XPS
(Thermo Scientific, ESCALAB 250) with monochromatic Al Ko
radiation at a constant analyzer pass energy of 30 eV for high-
resolution spectra and 100 eV for survey spectra. The room
temperature electrical performances of the fabricated back-
gated NWFETs were characterized with a standard electrical
probe station connected with a semiconductor analyzer
(Agilent 4155C). The diameters and channel length for all NW
channels of the FETs were subsequently characterized by

CHEUNG ET AL.

CONCLUSIONS

In summary, we have demonstrated a simple and
reliable approach to tailor the device operation of InAs
NWFETs via molecular monolayers, which can improve
the device performance as well as effectively modulate
the device V, by varying the para-substituents of
the ArS™ groups. Specifically, deposition of the ArS™
groups can reduce the NW surface states via surface
passivation, and the electron concentration trapped in
this surface-state-induced accumulation layer would
decrease accordingly, which minimizes the carrier
scattering for better mobility and reduces the leakage
current in the device OFF state for better /oo More
importantly, the device Vqy, can be increased reliably
by changing the para-substituents from electron-
donating groups to electron-withdrawing groups and
vice versa. These findings reveal explicitly the efficient
modulation of InAs NW electronic transport properties
via ArS™-based molecular monolayers, which further
elucidates the technological potency of this ArS™ sur-
face treatment for future nanoelectronic device fabri-
cation and circuit integration.

scanning electron microscopy (FEI Company, Oregon, USA/
Philips XL30, Philips Electronics, Amsterdam, The Netherlands).

Computational Methodology. The ONIOM?° method was per-
formed for calculations of the charge distribution of all ArS™
compounds adsorbed on the InAs (100) surface. Specifically, the
calculation models were separated into two layers. The “top”
layer included the ArS™ compound, with the atomic layer
attached, and the electronic ground states of ArS™ compounds
were optimized without symmetry imposed using various DFT
methods (generalized gradient approximation of Becke®® and
Perdew®' exchange—correlation functional (BP86) for the struc-
tural optimization; Becke's three-parameter hybrid functional®>
with the Lee—Yang—Parr correlation functional®® (B3LYP) for
electronic energies, and Mulliken charge calculations); fre-
quency calculations on the optimized structures were also
performed to confirm their nature as local minima. The 6-31G(d)
(for structural optimization) and 6-311+G(2df,p) (for electronic
energies and Mulliken charge calculations) basis sets were
employed for C, H, N, O, F, and S atoms.>**~3® The Dunning—
Huzinaga valence double-zeta with the Los Alamos effective
core potential plus double-zeta basis set (LanL2DZ) was
exploited for In and As atoms.>?7*2 The “bottom” layer was
modeled by molecular mechanics using the universal force field
(UFF).*3 All In and As atoms were calculated without optimiza-
tion using the geometry of X-ray crystal structure.** Mulliken
charge was used to interpret the charge distribution in all cases.
All DFT calculations were performed using the Gaussian 09
program package (revision B.01).*®
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