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Quantitative Evaluation of Covalently Bound Molecules on GaP (100) Surfaces

Rosangelly Flores-PereZ,Dmitry Y. Zemlyanov,* and Albena Ivanisevic*'$

Department of Chemistry, Birck Nanotechnology Center, Weldon School of Biomedical Engineering,
Purdue Unbersity, West Lafayette, Indiana 47907

Receied: October 29, 2007; In Final Form: Nember 16, 2007

The study utilizes surface sensitive techniques in order to quantitatively characterize the nature of organization
and bonding of alkanethiol adsorbates on GaP (100) surfaces. The evaluation was performed using water
contact angle, atomic force microscopy (AFM), Fourier transform infrared (FT-IR) spectroscopy, and X-ray
photoelectron spectroscopy (XPS). The hydrophobicity and consistency of surface roughness were studied
via water contact angle and AFM. The FT-IR experimental protocol permitted the identification of characteristic
functional groups on the surface and enabled insight into the organization within the adlayers on the GaP
surface. XPS data showed evidence for the formation of a covalent bond between the sulfur and the surface
and was used to calculate the adlayer thicknesses, tilt angles, and molecular coverages for different adsorbates.
The thickness and tilt angles values were comparable to other modified semiconductor materials. High coverages
were observed for all alkanethiols on GaP (100). The quantitative XPS protocol reported can be applied to
the evaluation of other adsorbates on semiconductor materials.

1. Introduction TABLE 1: Summary of the Initial Characterization of
» ) Clean GaP(100) and Modified GaP(100) with ODT, MHA,
The ability to control the formation of molecular layers on  MUAM, and MHL

Il =V semiconductor surfaces can eventually result in industri-

. S o surface water contact angle (°) roughness (nm)
ally applicable passivation strategie$.Longer surface stability
can be achieved if one directly attaches protective organic - ¢léan GaP 1x1 0.190+0.02
. . . . 2.0DT 103+ 3 0.471+ 0.04
moieties to the chalcogenide atoms. The success of this straight 3" yiia 66+ 3 0.535+ 0.08
forward functionalization route depends on the removal of the 4. muam 794+ 1 0.5574+ 0.03
native oxide layer that forms on HV surfaces’® The formation 5. MHL 38+2 0.505+ 0.03

of covalent bonds with surface atoms, low tilt angles of the

anchored molecules, and high surface coverages are desiredf chemically reactive groups are available on the surface after
characteristics for hybrid organignorganic interfaces based the surface passivation, one can built functional and stable
on semiconductor materials. In recent years comprehensive andassemblies on this HV semiconductor material using covalent
quantitative surface studies of SAMs on GaAs have been or electrostatic interactions.

published® Such studies have allowed researchers to understand |n this paper we study the formation of adlayers on GaP (100).
what kind of control can be established over specific desired The adsorbates studied were octadecanethiol (ODT), 16-
characteristics. However, relatively few reports have dealt with mercatohexadecanoic acid (MHA), 11-amino-1-undecanethiol
the quantitative characterization of covalently bound molecules hydrochloride (MUAM), and mercapto-1-hexanol (MHL). A

to other types of IV materials number of characterization techniques, water contact angle,
Gallium phosphide (GaP) is a commonly used—M atomic force microscopy (AFM), Fourier transform infrared (FT-
semiconductor material especially in light emittirand high- IR), and X-ray photoelectron spectroscopy (XPS), were used

temperature devices. GaP subtrates have a low thermal regento understand the coverage, nature of bonding, tilt angle and
eration rate which means that they can be utilized in charge stability of the adlayers. The quantitative data we present
storage devices with extensive retention tithin addition, this allowed us to understand the nature of the suiubstrate bond.
material has been shown to possess strong photocorrosionn addition, we calculated the adlayer thickness after each
resistance and has been incorporated in useful low-noise adsorbate was used to functionalize the surface. The thickness
detection photodiodes at low cd3tThe rapid formation of  values extracted from XPS measurements were in agreement
thermal oxide layer on the GaP leads to difficulties in adapting with the AFM observations. In the case of all adsorbates, we
this material to sensing platforms despite its other useful gbserved very high coverages on GaP (100). The study also
properties. A relatively small number of research grétipsave discusses some notable differences among the tilt angles of short
studied the molecular passivation of GaP as a way to preventys |ong alkanethiol molecules.

oxide reformation on the surface. If this strategy is successful,

the degradation of the material can be prevented. Furthermore Experimental Section

* Corresponding author. Tel.: 765-496-3676. Fax: 765-494-1193. E- 2.1, Reagents and Materials.Double-polished S-doped

m"’}”b :"g‘;’pni‘gfggdgﬁ;‘qji‘;tr n-type gallium phosphide (GaP [100]) wafers were purchased
E Birgk Nanotechnology C)é'mer_ from University Wafer (South Boston, MA). 1-Octadecanethiol
8 Weldon School of Biomedical Engineering. (ODT, 98%), 16-mercatohexadecanoic acid (MHA, 90%), and

10.1021/jp710437v CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/19/2008
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Figure 1. FTIR spectra of (A) the region between 1750 and 1500'camd (B) the region between 3800 and 3100 &nThe following samples
are presented: (1) clean GaP(100), (2) ODT/GaP(100), (3) MHA/GaP(100), (4) MUAM/GaP(100), and (5) MHL/GaP(100).

B
CHy(v,o) CHy(v,) CHz{z‘;a;)O CH,(v,)
[o.8 2931 2851 [0.05 20 2847
I f | I‘,.. 4
2925 2919/
,J\.\ 2853 i
AW [l 2849
/o) A 3
0 JI'\\,—'/ \ lll"' II'.\ @ . |I|I |II . }. ‘\.\ )
2 ' AV RN o Y e A
c 2924{ \w/ g '.‘ / 2922
8 | 2888 2 | 2852
° A /\ = /\ A
[e] I [ ° f II I." |
o . I ,.-" ll'. _g [ / I'.I
2 II -\I\! ‘\"\ .llil II\J/J ..\‘\J < In"‘“’\‘_ ,'II I\x_z" c AN 2
A _‘\_."
) | C“s“"ag%;ﬁ?w
2051 | 2P |
A ' I| I
|I| ".d'l .II I|| |I i Inj l| Il ll 1
J.»’“‘-._U." J\*'I '|I L PAvY; 'uﬁ'“-.,‘ I| |‘U /".‘
%0 260 20 2860 2000 w00 60 2500 2060 2800

Wavenumber ( cm*1)

Wavenumber ( cm-')

Figure 2. FTIR data for the region between 3000 and 2800 toollected (A) in ethanol solution and (B) on GaP (100). Data for the following

adsorbates is shonw: (1) ODT, (2) MHA, (3) MUAM, and (4) MHL.

mercapto-1-hexanol (MHL, 97%) were obtained from Sigma- subsequently dried with nitrogen gas,{NEach surface was

Aldrich. 11-Amino-1-undecanethiol hydrochloride (MUAM,
90%) was acquired from Dojindo Laboratories.

2.2. Surface Cleaning and FunctionalizationEachn-type
GaP:S wafer was cut into X 1 cn? pieces which were

cleaned in aqua regia solutidd® (HCI (36%): HNG; (70%),3:
1/v:v) for 30 s at 40°C. Caution: Aqua regia solution is
extremely hot!After the cleaning treatment the surfaces were
rinsed with water and dried with NThe samples were then

sonicated in pure water, ethanol, and methanol for 10 min and incubated in ODT, MHA, MHL and MUAM ethanolic solutions
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TABLE 2: Summary of the Peak Positions of Ga 3d, P 2p, S 2p/Ga 3s, S 2s, C 1s, and N 1s Obtained from Clean GaP(100)
and Modified GaP(100) with ODT, MHA, MUAM, and MHL

binding energy, eV

peak clean OoDT/ MHA/ MUAM/ MHL/
assignments GaP(100) GaP(100) GaP(100) GaP(100) GaP(100)
Ga 3d, GaP 19.0 19.1 19.2 19.3 19.2
Ga0s 19.9 19.9 19.9 19.9 20.1
P 2p GaP 128.6 128.7 128.8 128.9 128.8
POy 133.5 1335 133.5 133.6 133.7
S 2Rz S bound to Ga 162.2 162.6 162.8 162.3
S unbound 163.2
SO 168.9 168.7 168.5 169.0
Ga3s GaP 159.8 159.9 159.9 160.1 160.0
S2s S bound to Ga 226.7 227.1 227.2 227.2
SO 234.8 233.8 232.1 232.9
Cl1ls c-C 284.8 284.8 284.8 284.8 284.8
C—-OH 286.2 286.0
O0—-C=0 287.0
HO—C=0 288.8
C—N 286.6
N 1s Ga 3d (Auger) tM4sMys 390.1, 392.3, 390.1, 392.3, 390.3, 392.5, 390.4, 392.6, 390.3, 392.5,
393.7,395.3, 393.8, 395.3, 393.9, 395.4, 394.0, 395.4, 394.0, 395.5,
398.7 398.7 398.9 398.9 398.9
NH2/NH3* 399.5

an the case of doublets such as Ga,3dnd Ga 3d, P 2p2 and P 2p,, and S 2p, and S 2py,, the peak position for the main component is
provided due to the fact that the spin-orbital splitting was fixed during the curve-fitting.

(2 mM) for 24 h. Prior to any analysis each sample was washed measured as a Full Width at Half Maximum (FWHM) of the P
with pure ethanol solvent several times and dried withgiis. 2p peaks. The data were analyzed with commercially available

2.3. Surface Characterization.2.3.1. Water Contact Angle  software, CasaXPS (version 2313Dev64). The individual peaks
Measurementll water contact angle measurements were done were fitted by a Gaussian/Lorenzian function after linear or
on a Tantac, Inc. Contact Angle Meter, model CAM-PLUS. Shirley type background subtraction. In order to calculate the
The half-angle method was utilized to determine the angles. At thickness and coverage, we used the high-resolution Ga 3d, P
least five measurements were taken for each type of surface2p, S 2p, S 2s, and C 1s spectra.
and then averaged.

2.3.2. Atomic Force Microscopy (AFM)apping mode AFM
images were collected using a Multi-Mode Nanoscope llla o )
Atomic Force Microscope_ S|ng|e beam cantilevers were Very few I’eports haVe Used quant|tat|ve surface Characte“za-
purchased from Veeco Instruments, CA, model # OTESPA?. tion techniques to describe the nature of GaP substrates after
They had a spring constant of £203 N/m. Each sample was ~ chemical passivatioh*1317To the best of our knowledge, no
evaluated using a scan size ok11 um? and scan rate of 1:52 prior reports have looked at a series of thiols with different end
Hz. Images were processed using the Nanoscope III 5.12r3functional groups on GaP (100). We chose to use alkanethiol
software. The average roughness of each sample was calculate@dsorbates because they are commercially available and have

2.3.3. Fourier Transform IR (FT-IR) Spectroscopye addition, egrlier efforts in this are.a.have provided well docu-
utilized a Thermo Nicolet, Nexus 670 FT-IR spectrometer for mented evidence that sulfur containing compounds can be used
all FT-IR experiments. This transmission mode instrument was iN passivating strategies that result in smooth GaP surfaces with
coupled to an IR source and DTGS KBr detector. The less oxidel® The passivation of the GaP (100) was done in
spectrometer was purged with jas to remove any amount of solution under conditions similar to what is used to form self-
water in the sample compartment prior to any data collection. @8ssembled monolayers (SAMs) on metal and otherVil
The data were analyzed with the Thermo Nicolet's OMNIC semiconductor materials. On the basis of the surface analysis
software. Each data set was acquired with a resolution of 2cm ~ We present, we discuss some notable differences and similarities
A background spectrum in Nitmosphere was always collected @mong coverage, thickness, and tilt angles of short and long
for each region of interest and subsequently subtracted fromalkanethiols on GaP surfaces vs Au, GaAs and InP surfaces.
the sample spectra. Three different regions were examined: 3.1. General Surface Characterization of Adsorbates on
1550-1800, 2806-3000, and 31003800 cnTl. GaP (100) SurfacesThe native oxide layer of the GaP surface

2.3.4. X-ray Photoelectron Spectroscopy (XP&}S data was removed by a treatment with aqua regia solution (HCI:
were obtained with a Kratos Ultra DLD spectrometer using HNOjz, 3:1, v:v). Freshly etched GaP surfaces were quickly
monochromatic Al Kt radiation fiw = 1486.58 eV). The survey ~ placed in ethanol solution ODT, MHA, MUAM and MHL for
and high-resolution spectra were collected at fixed analyzer pass24 h. After this simple modification protocol preliminary studies
energy of 160 and 20 eV, respectively. The spectra were were done using water contact angle and AFM to assess
collected at angles varying fronf @ 60° with respect to the qualitatively the success of the surface functionalization.
surface normal. The binding energy (BE) values, refer to the A series of static water contact angle measurements were done
Fermi level, and were referenced to C 1s at 284.80%Whe on each type of surface and are summarized in Table 1. These
standard deviation of the peak position associated with the measurements examined the homogeneity of the substrates at
calibration procedure was0.05 eV. A commercial Kratos the microscopic level. The water contact angle for freshly
charge neutralizer was used to achieve a resolution of 0.6 eVcleaned GaP (100) surfaces was 191, indicating a fairly

3. Results and Discussion
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Figure 3. High-resolution XPS spectra of (A) Ga 3d and (B) P 2p for (1) clean GaP(100), (2) ODT-modified GaP(100), (3) MHA-modified
GaP(100), (4) MUAM-modified GaP(100), and (5) MHL-modified GaP(100).
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Figure 4. High-resolution XPS of (A) S 2p/Ga 3s spectra and (B) S 2s spectra for (1) freshly etched GaP(100), (2) GaP(100) functionalized with
ODT, (3) GaP(100) functionalized with MHA, (4) GaP(100) functionalized with MUAM, and (5) GaP(100) functionalized with MHL.

hydrophilic surface prior to any treatment. Upon treatment with the passivation was done. The average root-mean-square (RMS)
each alkanethiol, the magnitude of the contact angle increasedvalues are listed in Table 1. The initial roughness of the clean
as expected due to the nature of the end groups of the organidGaP was 0.19Gt 0.02 nm and all values measured upon
molecules coupled to the GaP. The hydrophobicity ¢f the passivation with the different adsorbates did not change
modified semiconductor surface had the following increasing dramatically. Overall the AFM characterization confirmed that
order: @gean GaP< PMHLIGaP< PMHAGaP< PMUAMIGaP< PODT/GaR the substrates were homogeneous in terms of their surface
Our results for each of these types of adsorbates are consistentopography and no evidence for the formation of additional
with previous surface investigations that have utilized them on clusters on the surface was gathered after each functionalization.
various surface type=18High-resolution AFM scans were done  The angle-resolved XPS results (see below) were consistent with
in order to assess if the smoothness of the surface changed aftethis conclusion. The identification of chemical species on the
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surface was done through two spectroscopic techniques: FT-

IR and XPS.
3.2. FT-IR Characterization of the Chemical Species on
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TABLE 3: Summary of the Adsorption Layer Thicknesses
and Tilt Angles of GaP (100) Surfaces Modified with ODT,
MHA, MUAM, and MHL 2

calculated calculated
thickness thickness mean
with Ga 3d t with P 2p t tilt angle
surface A A @)

A.ODT 12+ 2 10+1 63+ 2
B. MHA 14+2 941 61+ 4
C. MUAM 15+5 11+ 2 38+5
D. MHL 8+4 6+ 4 40+ 8

2The values are calculated using XPS data.

alkanethiols on the GaP (100), Figure 1. We first discuss the
data collected in the following regions: 1550800 and 3106
3800 cntl. The freshly etched GaP and ODT modified surfaces
did not show any peaks (Figure 2A,B, spectra 1 and 2). After
coupling of MHA and MHL to the substrate, two peaks appear
at~3200 and~3680 cnt! and are due to the presence-¢dH
terminal groups (Figure 1B, spectra 3 and 5, respectively). In
addition on surfaces modified by MHA adlayers a single peak
at 1699 cm! can be attributed to €0 vibrations (Figure 1A,
spectrum 3¥. The appearance of amide Il peaks at 1509 and
1551 cnt! was recorded on GaP modified with MUARI
(Figure 1A, spectrum 4). Additional evidence for the presence
of MUAM on the surface comes from the-NH stretching
modes, Figure 1B, spectrum 4.

In our experiments, FT-IR was also used to examine the
orientation and organization of the alkanethiol layers on the
surfaces. The following region was examined in order to gather

GaP (100).FT-IR spectroscopy data was collected in order to this information: 2806-3000 cntl. Prior to looking at the
prove that the adsorbates were on the surface. The data fromadsorbates on the GaP we collected solution FT-IR spectra for
this technique also permitted us to gather evidence for any each of the adsorbates, Figure 2A, and contrasted it to data
differences in the organization of the attached molecules. The gathered on the semiconductor surfaces, Figure 2B. The position
low (1550-1800 cnt?) and high (2808-3000 and 31083800 of »(CHy) on the spectra is used to assess if the packing of the
cmY) frequency regions were examined for all types of samples molecules is in a liquid-like or crystalline-like stat&?! In the

and enabled us to track changes due to the presence ofolution FT-IR spectra, the symmetric and asymmetric stretching

A c-Nc‘c B l-;‘:::u
: NHJNHG
C1s C-OH| N 1s
i 5 s 5
— S / v\\- —
“i"||
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Figure 6. High-resolution XPS spectra in the region corresponding to (A) C 1s and (B) N 1s for (1) clean GaP, (2) ODT assembled on GaP(100),
(3) MHA assembled on GaP(100), (4) MUAM assembled on GaP(100), and (5) MHL assembled on GaP(100).
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Figure 7. Schematic representation of the orientation of each adsorbate on GaP (100): (A) ODT, (B) MHA, (C) MUAM, and (D) MHL.

mode ofv(CH,) were positioned at-2851-2855 and 2924 after cleaning the GaP(100) still demonstrated the Ga 3d peaks
2931 cm1l, respectively. After the absorption of the alkanethiol at~21 eV, which is the characteristic of @&.50One can also
molecules on GaP, the asymmetric/ symmet(iCH,) bands observe the P 2p peak atl34 eV, which is typical for ROy.>
were recorded at 2918 cf2850 cnT?, 2922 cnt/2852 cnt?, The oxidation likely happens when the samples are exposed to
2919 cn11/2849 cn1l, and 2920 cm!/2847 cnt! for ODT, air during their transfer to the XPS instrument. All samples that
MHA, MUAM, and MHL, respectively. This data supports the we examined after the adsorption of ODT, MHA, MUAM, and
notion that the molecules are in a crystalline-like state on the MHL layer showed a decreased amount of oxide. No specific
GaP surface since the vibrational frequencies werg 2n Y/ components corresponding to a phosphorus-sulfur bond and a
2—3 cm! lower for asymmetric/symmetriz(CH,).1%21 In gallium-sulfur bond could be resolved in the Ga 3d and P 2p
summary, the FT-IR data confirmed the presence of the spectra.
adsorbates on the surface but did not allow us to understand if Figure 4 represents the S 2p/Ga 3s and S 2s core level spectra.
there are differences in the mode of attachment to the surfaceThe S 2s spectra were acquired to validate our curve-
among the four alkanethiols. XPS data was collected in order fitting procedure, which is critical for the extraction of the S
to address this important question. 2p contribution. For clean GaP, the Ga 3s peak is asymmetric
3.3. X-ray Photoelectron SpectroscopyXPS is a powerful and set at 160.5 eV (see dark gray peak in Figure 4). After
technique, which provides quantitative and qualitative data with the immobilization of the alkanethiols on the surface, the
regard to the chemical composition of the adsorption 1&8yer. sulfur peaks became detectable. The S 2p doublet, exhibiting a
We investigated each type of surface modification by XPS. The 1.15 eV separation, is plotted as white/dotted peaks in
analysis was based on the core level spectra of gallium, Figure 4A, and is at ca. 162 eV. This BE is characteristic for
phosphorus, sulfur, carbon, nitrogen and oxygen, namely Gacovalently bond sulfur to the substrate®:13230xidized sulfur
3d and Ga 2p, P 2p, S2p and S 2s, C 1s, N 1s, and O 1s. Inmanifests itself with a high BE peak at169 eV357.23|n the
order to extract complete information from the peak shape, the case of the MUAM/GaP(100) surface, an additional component
spectra were fitted assuming a Gaussian/Lorenzian line shapeis detected at 163.2 eV. Figure 5A shows the S 2p spectra
The curve fitting is particularly important for the N 1s and S obtained from MUAM/GaP(100) at 0 and ®6ollection angles
2p analysis because these photoelectron transitions overlap withwith respect to the surface normal. Two distinct S 2p compo-
the Ga Auger and Ga 3s peaks, respectively. The peak positionsients were assigned to the sulfur atoms covalently bound to
for clean and modified GaP(100) are summarized in Table 2 the surface (162 eV for S 3p) and to sulfur that is not bonded
and were obtained after curve-fitting. As shown in Figure 3, to the surfac&24(163.2 eV for S 2p,). As shown in Figure 5,
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TABLE 4: Summary of Alkanethiol Coverages (ML) Using S 2p, S 2s, C 1s, Ga 3d, and P 2p XPS Intensities from Surfaces
Modified with ODT, MHA, MUAM, and MHL

coverage@® (ML)

®SZp/Ga3d ®SZS/Ga3d ®Cls/Ga3d ®S2p/P2p ®SZS/P2p ®Cls/P2p
surface (molecules/nrf) (molecules/ng (molecules/nf) (molecules/nrf) (molecules/ng (molecules/nf)
A.ODT 0.80+ 0.2 0.30+ 0.08 0.39+ 0.03 0.84+ 0.2 0.31+ 0.08 0.41+ 0.02
(10+£5) (4£2) (5+2) (124 3) (4+1) (6£1)
B.MHA 0.86+ 0.3 0.32+ 0.05 0.44+ 0.1 0.89+ 0.3 0.33+ 0.05 0.41+ 0.1
(10+£3) (4£3) (6£2) (114 4) (4+1) (6+1)
C.MUAM 0.94+0.2 1.1+ 0.1 1.2+ 0.03 0.99+ 0.3 1.2+ 0.08 1.2+ 0.03
(13+3) (16+ 1) (17+ 10) 13+ 4) (164 1) 11+ 7)
D.MHL 0.89+ 0.2 0.47+0.1 0.20+ 0.05 0.98+ 0.2 0.52+ 0.1 0.22+0.03
(12+2) (7£3) (3+2) (134 3) (8+2) (2+1)

the emission angle variation does not lead to change in the ratiofrom 0° to 75 in respect to the surface normal. Subsequently,
between the two sulfur forms at 162 and 163.2 eV. The ratio the Ga 3d and P 2p peaks were used for the calculations. The
between this component and the Ga 3s peak also changesdlayer thickness was calculated using the attenuation of the
proportionally with the emission angle. This allows us to draw core level peaks of the substrate (in our case it was Ga 3d and
the conclusion that the two sulfur states occupy similar positions P 2p) as given by the equation

on the surface. Surprisingly, the nonbond state is as close to

the surface as the bond one. Two possible explanations can be | = I°(
proposed. First, the MUAM molecules can couple through the

amine group. But in this case, the coupled MUAM likely bends

over the amine group center and the second end of the moleculg, a0
points down. It is unlikely that the coupled MUAM molecules
would be pointing straight up because this scenario will
contradict (i) the photoemission angle dependence and (ii) the
calculated thickness of the adlayer described below. Another

explanation could be an “up-side-down” configuration, in which - 4ienyation length (EAL), which was used instead of the inelastic
approximately h_aIf of the MUAM molecules b|n_d to the surfac_e mean free pass (IMFP) of the photoelectrons as suggested by
through the amine group. In this case the amine group, Which 351 0nski and Powetf The EAL values for the Ga 3d and P

is an electron donor, can stabilize adjacent MUAM molecules 2p photoelectrons were calculated using the NIST SRD- 82

adsorbed through sulfur. Unfortunately, the N 1s region is gofhyare2” The EAL values and the parameters needed for these
crowded with the Ga Auger and we could not distinguish tWo  5\cjjations are summarized in the Supporting Information,

different nitrogen states. Therefore it is difficult to state which 15116 5.2 The mean thickness and mean tilt angle values are

of the two explanations is more likely to be happening. summarized in Table 3. The mean thickness was calculated by

In order to perform more reliable data quantification, the S plotting |n(|/|0) versus 1/cos() and the slope of the resulting
2s region was also acquired from the GaP(100) surfacesjine is equal to-t/L. The advantage of this approach is that the
functionalized with ODT, MHA, MUAM, and MHL (Figure |ine of In(1/1°) versus 1/cos() was drawn with the least-square
4B). Two peaks were detected in the S 2s spectra. The firstmethod. Therefore, this protocol gives more precise results
peak at~227 eV is characteristic of thiol groups, whereas the compared to values obtained from single angle measurements.
second peak at232.5 eV originates from oxidized sulfur. The tilt angles were calculated using the adlayer thicknesses

The C 1s and N 1s spectra are shown in Figure 6, panels Aand assuming the molecule lengths of ODT, MHA, MUAM,
and B, respectively. The cleaned GaP (100) surface showedand MHL to be 24.0, 22.5, 16.7, and 9.84 A, respectively.
carbon contaminations due to the sample exposure to air. A The thickness of the ODT adlayer is in good agreement with
notable increase of the C 1s peak intensity was observed for allprevious works on GaA%:28-30 As shown in Table 3 and Figure
GaP substrates modified with alkanethiols compared to the 7, the tilt angles were slightly different from the ones obtained
cleaned surface. For surfaces modified with MHA and MHL, with alkanethiol species on GaP (110), Au (100), and Ag (111)
components corresponding to 6#€=0 and C-OH were surfaces:3! However, our values were similar to those for
detected at 288.8 and 286.0 eV, respectively. The MUAM thiolate-SAMs on GaAs (100), InP (100), and Au (111)
adlayer on the GaP(100) surface shdveeC 1scomponent at  substrate852331 According to our data, ODT and MHA
286.6 eV. The N 1s peak was centered at 399.5 eV and can benolecules have higher tilt angles compared to MUAM and
assigned to €N and NH/NH3™ species. It should be noted MHL.
that the N 1s peak was extracted using curve fitting. As shown In order to confirm the quality of the adsorption layer, the
in Figure 6B, the Ga §M4sMys auger line® were observed adsorbate coverage was calculated for each modified surface
for clean GaP(100), ODT/GaP(100), MHA/GaP(100), MUAM/ using the intensities of S 2p, S 2s, C 1s, Ga 3d, and P 2p. We
GaP(100), and MHL/GaP(100). The Auger line shape was applied the approximation method for a semi-infinite substrate
extracted from the spectra obtained from the clean surface andwith a non-attenuating overlay&t33which is described by the
then the Auger line constraint was used to deconvolute the N following equation:
1s peak.

As stated above XPS can supply quantitative and qualitative 0,
data. In this study we utilized the XPS data to calculate the N,(c) Qo Ao(E) Do(B) 4o d [Sover
adlayers thicknesses and the tilt angles of the adsorbed molecule (@) = \Ss
on the GaP(100) surface. In order to increase the accuracy, first, © ubs
we collected the electron emission at different anglesarying

—t
1- m) (1)

and| are the intensities of the Ga 3d and P 2p peaks
obtained from the clean GaP surface and after the alkanethiol
immobilization, respectively. The clean GaP surface was
prepared by short Arsputtering of the sample that was cleaned
with aqua. The thickness is definedtas A. L is the electron

9o )
K\ subs
QoE, Ao(E) Do(Ep) a© Ag tEk) cosx
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where Ni(a)) and Ng(a) are the peak areas of the molecular
adlayer and the substrate at the given emission angle,
respectively;Qq is the acceptance solid angle of the electron
analyzer;A, andDy are the effective area of the specimen and
the instrument detection efficiency, respectivelyyd; ,/d<? is

the tabulated differential cross-section from the Scofield cross-

sectiond* including a correction for the Reilman asymmetric
parameterAS'*S(E,) is the IMFP of the photoelectron in the

substratesq is the angle between the surface normal and the

electron emission directios;ver/SsubsiiS the fractional monolayer
coverage of the atomic species whepg. and sgupstare the

mean surface density of atoms and the mean surface density o

substrate atoms in cm, respectively; andd is the mean
separation between layers of densitin the substrate, which
for GaP (100) is 2.73 A. After some terms cancellation, eq 2
can be modified to

do,
N —X ASE,) cosu
=g ©)
Ny do, )
dQ

where the coverage®() is measured in monolayer, ML\
represents the intensity of the Ga 3d or P 2p peakss khe
intensity of the S 2p or S 2s or C 1s peaks*(Ey) can be
substituted with the average EAL for gallium phosphide
calculated by NIST SRD-82 (Table S-2 in the Supporting
Information)3® The calculated coverages in ML and molecules/
nn? are shown in Table 4. Monolayer (ML) is the ratio between

surface concentration of adsorbed molecules and the number

Flores-Perez et al.

4. Conclusions

This study reports the complete and quantitative characteriza-
tion of alkanethiol adsorption layers on GaP(100) surfaces. The
presence of characteristic functional groups for each adlayer
was confirmed via FT-IR spectroscopy and wettability experi-
ments. The thickness values and AFM data confirmed the
formation of the smooth layers of thiolate species on the GaP-
(100) surface. Each surface was characterized by quantitative
XPS measurements. The XPS data was utilized to calculate the
thickness, tilt angles and coverage values. The gquantitative
jnformation we report contributes to the understanding of the
Lroperties of organized layers of HV semiconductor surfaces.
This type of information can be used in the functionalization
of devices such as light emitting diodes.
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