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ABSTRACT: Despite the markedly low chemical reactivity of the nonpolar (110) surfaces of III−V semiconductors, the
covalent functionalization of GaP(110) surfaces with perfluorophenyl azide (PFPA) molecules by a Staudinger-type reaction
occurs only slightly above room temperature (325 K). Scanning tunneling microscopy observations, combined with density
functional theory calculations, support the formation of stable, covalent perfluorophenyl nitride (PFPN) molecule−surface
bonds, which can be described as Lewis acidic Ga-stabilized phosphine imides. π−π stacking between aromatic, electron-deficient
PFPN units results in compact, commensurate 2D molecular assembly at the surface. PFPA deposition on GaP(110) at room
temperature with no additional annealing leads to an intermediate phase consistent with an alternating 1D array of physisorbed
and chemisorbed molecular units. This work provides a new route for covalently bonding molecular linkages to the (110)
surfaces of III−V semiconductors.

Chemical functionalization is widely used for tailoring the
fundamental properties of semiconductor surfaces for a

variety of applications.1−3 For example, controlled covalent
attachment of molecular species onto III−V semiconducting
surfaces is being pursued in areas that include sensing,4

electrooptical,5 and catalytic1 applications. For zinc-blende III−
V semiconductors, the chemistry of the (100) and (111)
surfaces is relatively well understood and a wealth of
attachment strategies are known.4,6,7 However, these strategies
do not apply to the (110) surface and covalent functionalization
of this surface has been much less successful. The most
promising approach so far has involved organothiol surface

reactions,8−12 but the structure of the resulting molecule−
surface bonds remains elusive. Poor stability9,10,13 and lack of
long-range order11 at room temperature for the thiol-derived
layers obtained in this way limit the utility of this
functionalization strategy.
The (110) surface is different from the more commonly

studied crystal faces of zinc-blende III−V semiconductors in
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that it is neither strongly polar nor highly reactive. For example,
while ethylene chemisorbs readily onto both Ga- and As-
terminated GaAs(100) surfaces at room temperature,14 it is
unstable on the (110) surface of GaP except for very low
temperatures.15 (110) planes do develop a slight polar character
upon reconstruction (see Figure 1a), but the partial polar
character of the alternating nucleophilic (anionic lone pairs)
and electrophilic (cationic with empty pz orbitals) centers has
not yet been exploited in chemical reactions. A possible
chemical route is suggested by the fact that the P surface atoms
of GaP(110) exist in environments resembling tertiary
phosphines, which undergo the Staudinger reaction16 with
azide molecules to afford phosphine imides with loss of
dinitrogen (N2) (see Figure 1b). A heterogeneous version of
the Staudinger reaction on the GaP(110) surface should then
yield phosphine imide moieties containing P−N surface−
molecule bonds (see Figure 1c). Moreover, the Lewis acidic Ga
atoms, adjacent to the P sites, might interact with the Lewis
basic N atoms of the phosphine imide to form Ga−N bonds.
Molecular examples of phosphine imides displaying such
bonding interaction between Lewis basic N and certain Lewis
acids, including a triaryl gallium, have been reported.17,18

Here we present combined scanning tunneling microscopy
(STM) and density functional theory (DFT) of the thermally
activated surface reaction between perfluorophenyl azides
(C6F5N3, PFPA) and GaP(110). Our results provide strong
evidence for the formation of covalent molecule−surface bonds
in a three-membered-ring configuration (P−N−Ga) featuring
both P−N and Ga−N interactions consistent with a
Staudinger-type reaction at the GaP(110) surface. Interestingly,
the noncovalent molecule−molecule π interaction between
aromatic perfluorophenyl units (C6F5

−) also plays an important
role in this surface reaction, by driving the formation of long-
range, well-ordered supramolecular structures. We additionally
find an intermediate state of this reaction at room temperature
in which the molecular units form one-dimensional (1D)
chains.
GaP(110) surfaces were obtained by mechanical cleavage

under ultrahigh vacuum conditions at room temperature. This
procedure yields high-quality flat surfaces with a low density of
intrinsic defects15 (see Figure 1d) that are ideal for chemical

functionalization. PFPA molecules were subsequently deposited
in situ onto the GaP(110) surfaces at room temperature. The
STM image in Figure 2a shows the typical morphology of the

GaP(110) surface after dosing with 0.7 langmuir (L) of PFPA
at room temperature and cooling down to T = 7 K. The PFPA
molecules are mobile at room temperature and diffuse along
the surface to form 1D chains along two equivalent
crystallographic directions that form an angle of 54° with
respect to the [001] direction of the substrate. The molecular
chains are typically composed of 2−10 repeating units and have
a unit cell 9.2 Å long. Both the orientation and spacing
observed in the chains can be described by a commensurate
periodicity along A = 2a + b, with the unit cell vectors a =
(11 ̅0) and b = (001) (see Supporting Information). The

Figure 1. (a) Sketch of the relaxed GaP(110) surface. The lone pair on the anion (P−) and the empty pz orbital on the cation (Ga
+) are depicted. (b)

Staudinger reaction between a triaryl phosphine and an azide forming a phosphine imide. (c) Staudinger-type reaction on the GaP(110) surface with
perfluorophenyl azide to form Lewis acidic surface Ga-stabilized phosphine imides. (d) Atomically resolved STM image of the bare GaP(110)
surface before PFPA adsorption (Vs = +3 V, It = 30 pA, T = 7 K).

Figure 2. (a) Morphology of the GaP(110) surface after exposure to
0.7 L of PFPA at room temperature (Vs = −2.7 V, It = 15 pA, T = 7
K). High-resolution STM images (T = 7 K) of a 1D molecular chain
are shown in (b) for occupied states (Vs = −3.2 V, It = 100 pA) and
(c) for unoccupied states (Vs = +2.8 V, It = 15 pA).
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apparent height of the chains is approximately 5 Å, suggesting a
vertical configuration for the molecules. This is further
supported by comparison with the apparent height of only
1.3 Å for nearly flat-lying iodobenzene molecules (C6H5I) on
GaP(110) (see Supporting Information). Close-up views of the
PFPA chains for both occupied and unoccupied states are
presented in Figure 2b,c. Occupied-state STM images show
two parallel sets of protrusions arranged in a 1D configuration
(Figure 2b). At this bias polarity, both types of protrusions
exhibit slightly different heights (5.5 Å vs 4.5 Å). Unoccupied-
state STM images, however, show a single set of protrusions
along the molecule chain (Figure 2c).
In order to test the stability and molecule−surface bonding

properties of the 1D phase of PFPA/GaP(110), we gently
annealed the PFPA/GaP(110) samples up to 325 K. Such
annealing was enough to induce structural changes in the 1D
phase and result in a new surface molecular arrangement, as
seen in Figure 3a. Here the molecules are seen to rearrange into
two-dimensional (2D) islands from the initial chain config-
uration. Similar to the case of the intermediate 1D phase, bias-
dependent STM images of the 2D phase reveal different
atomic-scale features (Figure 3). For occupied states the
molecular islands in the STM images appear striped with
straight rows running parallel to the atomic Ga−P rows along
to a = [11̅0] (Figure 3b). These rows are offset from one
another by 5.5 Å in the b = [001] direction (perpendicular to
a), a value equal to the surface unit cell length in that direction.

Unoccupied-state STM images (Figure 3c) further resolve the
internal structure of the molecular rows to reveal elongated
protrusions separated by 3.9 Å, a value equal to the surface unit
cell length along a. These protrusions exhibit a long axis that is
tilted by 20 ± 3° from the [001] direction. This 2D island
phase thus appears to be formed by molecular units in a highly
packed (1 × 1) configuration.
To better understand the structure and chemical stability of

these intermediate (Figure 2) and product (Figure 3) molecular
phases on GaP(110), we simulated the system through DFT
calculations using an exchange−correlation functional that
includes van der Waals (vdW) interactions (see Supporting
Information for further details). The highly packed molecular
phase observed after annealing was modeled by positioning one
PFPN (C6F5N) molecule per surface unit cell (1 × 1). This is
justified since phenyl azide releases N2 upon thermal activation
to form the highly reactive singlet phenyl nitrene.19

Figure 3f,g shows the energetically optimized structure for
the simulated 1 × 1-PFPN/GaP(110) surface. This compact
PFPN stacking is stable with the phenyl rings vertically oriented
and bonded to the surface through the remaining N atom. The
DFT−vdW binding energy (see Supporting Information) of a
PFPN molecule in this 1 × 1 phase is 1.98 eV. We estimate that
vdW interactions account for ∼55% of the total binding energy
via both molecule−substrate and intermolecular bonding. Here
each PFPN molecule is bonded to the surface via the formation
of a three-membered Ga−P−N ring containing both P−N and

Figure 3. (a) STM image of the GaP(110) surface after annealing the samples shown in Figure 2a at 325 K for 10 min (Vs = −3 V, It = 30 pA, T = 7
K). Close-up STM images (T = 7 K) of a 2D molecular island are shown in (b) for occupied states (Vs = −2.5 V, It = 40 pA) and (c) for unoccupied
states (Vs = +2.4 V, It = 40 pA). Calculated STM images of the 1 × 1-PFPN/GaP(110) surface are shown in (d) for occupied states (Vs = −3 V) and
(e) for unoccupied states (Vs = +3.8 V). f) Simulated relaxed structure for PFPN molecules on GaP(110). (g) Perspective view of the relaxed PFPN/
GaP(110) surface showing the 1 × 1 close-packed stacking.
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Ga−N covalent bonds. Despite the dominant role of the
covalent molecule−substrate interaction on the molecular
assembly, intermolecular interactions cause the phenyl rings
aligned parallel to the [11̅0] direction to tilt by 17° from the
[001] direction (see sketch in Figure 3e). This tilt results from
a balance between attractive interactions that favor a parallel
alignment of the molecular rings and steric repulsion that forces
the molecules apart.
The calculated structure of the 2D molecular assembly that

covalently functionalizes the GaP(110) surface is confirmed by
comparing experimental STM images (Figure 3b,c) to
simulated ones (Figure 3d,e) obtained within the Tersoff−
Hamann approximation.20 The occupied electronic state
density (Figure 3d) arises primarily from the intermolecular
hybridization of molecular orbitals (MOs) having p character
that extend across the phenyl rings. Due to the parallel stacking
of the phenyl rings, these MOs overlap and localize the charge
density along the [11̅0] direction. The calculated STM image
for occupied states (Figure 3d) thus shows 1D chains of charge
density along the stacking direction that are spaced by 5.5 Å, in
good agreement with the corresponding experimental STM
image (Figure 3b) (internal structure within the chains was not
observed experimentally, likely due to the finite width of the
tip). The simulated unoccupied-state STM image (Figure 3e) is
dominated by PFPN MOs with s and p character that show two
lobes localized within each phenyl ring. The simulated images
are thus seen as elongated features tilted 20° from the [001]
direction (Figure 3e). This simulated behavior is consistent
with the experimental images for unoccupied states (Figure 3c),
and allows us to identify the experimentally observed elongated
protrusions with individual PFPN molecules. Since the
optimized geometry of the simulation accurately reproduces
both the experimentally observed molecular adsorption site and
the main features of the STM images for both filled and empty
states, we conclude that the adsorption and thermal activation
of PFPA molecules lead to covalent functionalization of the
GaP(110) surface with PFPN units.
Lastly, we address the nature of the 1D nanostructures

observed as an intermediate state (before annealing) of the
reaction of PFPA on GaP(110). Our bias-dependent STM
imaging of these 1D chains (Figure 2b,c) indicates a more
complex molecular structure than a simple 1D π−π stacking of
molecules as previously reported for phenyl group functional-
ization of silicon surfaces.21,22 We calculated several possible
configurations of PFPA and PFPN molecules consistent with
the observed orientation of the molecular chains on the
GaP(110) surface. Of these, just one structure was compatible
with our bias-dependent STM images. This structure contains
one PFPA molecule and one PFPN molecule per unit cell, with
a DFT−vdW binding energy of 3.81 eV. This implies a lower
average binding energy per molecule (1.91 eV) compared to
the annealed phase (1.98 eV), as expected for a less stable
intermediate configuration. Calculated images of this structure
show good qualitative agreement with our STM chain images
(see Supporting Information). The coexistence of PFPA and
PFPN molecules in this intermediate phase is compatible with
two experimental observations: (i) the necessity of thermal
activation to form the covalent close-packed PFPN phase
(Figure 3) and (ii) the relatively small energy barrier to
inducing N2 detachment from PFPA and subsequent full PFPN
passivation of GaP(110). The formation of 1D chains shows
the large role played by molecule−molecule interactions in the
early stage of the reaction.

In conclusion, we have demonstrated the reaction of
perfluorophenyl azide on the (110) surface of GaP, a
prototypical III−V semiconductor. This heterogeneous surface
reaction, derived from a Staudinger reaction, leads to stable
molecular functionalization of the surface that is stable at room
temperature. Molecule−molecule interactions are seen to
promote ordered molecular organization into long-range,
close-packed 2D structures. Considering the wide range of
azide molecules available, this novel functionalization strategy
creates a new opportunity for modifying III−V semiconductor
(110) surfaces for different purposes.
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